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Riassunto analitico 
Nel presente studio viene analizzata la fattibilità tecnica ed economica di un sistema 
frigorifero ad assorbimento solare installato come sistema ausiliario per un sistema di 
frigoriferi a compressione di una azienda di processazione carni collocata in Umbria. Tramite 
la sopra descritta integrazione, ci si propone di abbassare la temperatura di condensazione di 
tali frigoriferi a compressione, quindi incrementarne l’efficienza termodinamica con 
conseguenti risparmi energetici; tecnicamente tale soluzione equivale ad avere un sistema 
ausiliario che lavora in maniera complementare alle torri evaporative dei frigoriferi a 
compressione.  
In una analisi preliminare dei dati forniti dall’azienda, è stato effettuato un clustering dei 
frigoriferi a compressione e sono state identificate diverse possibili soluzioni per l’installazione 
del sistema ausiliario, ciascuna di queste è stata analizzata nel seguito utilizzando le stesse 
metodologie. 
Per prima cosa è stato ideato un modello matematico per ricostruire su base oraria i profili 
annui del consumo elettrico dei frigoriferi a compressione, del carico termico del sistema 
frigorifero ad assorbimento solare e dei risparmi energetici conseguibili tramite la sua 
installazione; tale fitta discretizzazione temporale è stata necessaria per ottenere in seguito 
una predizione significativa del funzionamento del sistema solare. 
Definita la temperatura di condensazione ottimale tecnicamente raggiungibile tramite il 
sistema frigorifero ad assorbimento solare e la capacità frigorifera necessaria a coprire il carico 
termico ricostruito, è stato definito il layout generale del sistema ausiliario. Sono state a tal 
fine prese in considerazione le caratteristiche generali dei sistemi frigoriferi ad assorbimento 
solare trovate in letteratura, ma è stato necessario analizzare le necessità specifiche dovute 
alla particolarità dell’installazione in studio. Tale modello del sistema frigorifero ad 
assorbimento solare è stato poi implementato in TRNSYS, un software commerciale per la 
simulazione di sistemi energetici alimentati da fonte solare. 
Attraverso una analisi parametrica, è stata valutata l’influenza delle principali variabili di 
progetto del sistema frigorifero ad assorbimento solare sulle prestazioni energetiche 
dell’intero sistema in studio; nel far questo sono stati analizzati i valori, su base annuale e 
mensile, dei parametri di efficienza energetica del sistema e dei suoi componenti che risultano 
dalle simulazioni. 
Infine i dati ricavati sulle prestazioni energetiche del sistema sono stati utilizzati come base 
per una analisi economica: è stato necessario valutare se i guadagni derivanti dai risparmi di 
energia elettrica conseguiti grazie all’installazione del sistema ausiliario consentono di 
ripagarne i costi di investimento. La minimizzazione del periodo di payback (PB) è stata 
utilizzata come criterio per la scelta dei parametri di progetto ottimali per ogni sistema 
frigorifero ad assorbimento solare ed identificare la migliore soluzione tra quelle proposte 
inizialmente a seguito del clustering. Per il sistema ausiliario individuato essere la soluzione 
economicamente ottimale è stato valutato anche l’impatto ambientale, in termini di 
emissioni di CO2 che possono essere evitate grazie alla sua installazione. 
 
 
 
Abstract 
In the present study is analyzed the technical and economic feasibility of a solar absorption 
chiller system installed as auxiliary system for a compression chillers system of a meat 
processing industry located in Umbria. 
Through the solar absorption chiller system, it is proposed to lowering the condensation 
temperature of the compression chillers, then increase their thermodynamic efficiency with 
consequent energy savings; technically this solution is equivalent to having an auxiliary system 
that works as complementary to the cooling towers of compression chillers. In a preliminary 
analysis of the data provided by the industry, a clustering of compression chillers has been 
carried out and have been identified several possible solutions for the installation of the 
auxiliary system, each of these has been analyzed in the following using the same 
methodologies. 
First, it has been conceived a mathematical model to reconstruct on hourly basis the annual 
profiles of the electricity consumption of compression chillers, of the heat load of the solar 
absorption chiller system and of energy savings achievable through its installation; such dense 
time discretization is necessary to obtain later a significant prediction of the operation of the 
solar system. 
Defined the optimal condensation temperature technically obtainable using the solar 
absorption chiller system and the cooling capacity required to cover the reconstructed 
thermal load, has been defined the overall layout of the auxiliary system; in doing this, the 
general characteristics of solar absorption cooling systems found in literature have been taken 
in account, but it has been necessary to analyze the specific needs due to the particularity of 
the analyzed application. This model of the solar absorption refrigeration system has been 
implemented in TRNSYS, a commercial software for the simulation of energy systems powered 
by solar energy. 
Through a parametric analysis, it has been evaluated the influence of the main design and 
dimensional parameters of the solar absorption chiller system on the energy performance of 
the whole analyzed system; in doing so have been analyzed the values, on an annual and 
monthly basis, of the energy efficiency parameters of the system and of its various 
components resulting from simulations. 
Finally, the results obtained on the energy performance of the system have been used to 
perform the economic analysis: in particular, it has been necessary to assess whether the 
incomes resulting from the electrical energy saved thanks to the installation of the auxiliary 
system are sufficient to repay its investment costs. The assessment of the payback period has 
therefore been used as criterion for the selection of the design parameters and optimal size 
for each solar absorption chiller system and to identify the best solution among those 
proposed initially as a result of clustering. For the identified optimum auxiliary system, it has 
been also evaluated the environmental impact, in terms of CO2 emissions that can be avoided 
through its installation. 
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1 INTRODUCTION 
1.1  State of art on solar cooling 
1.1.1 Operating principles and potential advantages 
The term “solar cooling” identifies a system of production of thermal energy for cooling which 
mainly uses solar energy as primary energy source. There exist many technologies which allow 
to use solar energy to chill a stream of water, of air or of an another fluid, required to satisfy 
the energetic needs due thermal comfort or chilling in commercial or residential buildings, 
otherwise due industrial processes. 
Two basic principles can be used to convert solar energy into cooling: 
- Electricity generated with photovoltaic modules can be converted into cooling using 
well-known refrigeration and air-conditioning technologies. These systems are mainly 
based on vapor compression cycles; 
- Heat generated with solar thermal collectors can be converted into cooling using 
thermally driven refrigeration or air-conditioning technologies. Most of these systems 
employ the physical phenomena of sorption in either an open or closed 
thermodynamic cycle; other technologies, such as steam jet cycles or other cycles 
using mechanical energy as intermediate energy carrier are less significant. 
 
Figure 1.1 - Basic principles to convert solar energy into cooling 
The main arguments in favor of solar cooling (SC) originate from perspectives of energy and 
electricity cost savings, environmental benefits and technical potentialities: 
- Application of SC saves electricity, then conventional primary energy sources. This 
aspect can help to reduce the dependence of finite energy fuels, which have to be 
imported in many countries; 
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- SC leads to a reduction of peak electricity demand, which is a benefit for the electricity 
network and could lead to additional cost savings of the most expensive peak 
electricity when applied on a broad scale; 
- Correspondingly to energy savings, application of SC systems leads to reduced CO2 
emissions and thereby contribute to a reduction of climate change and related effects. 
- SC systems using thermally driven cooling cycles typically employ refrigerants with no 
ozone depletion potential and no or a very small global warming potential; 
- Solar energy is available almost at the same time as when cooling is needed, reducing 
the problem of the discontinuity of energy source (intrinsic of technologies which uses 
solar energy) and the need for storage; 
- SC systems can be used also for heating applications in a building or industry. The large 
solar collector field can provide heat for other purposes than cooling and thus helps to 
avoid consumption of fuel (or electricity) for heating applications; 
- SC systems using thermally driven cooling cycles are characterized by comparatively 
low noise and vibration-free operation. 
1.1.2 Technologies 
The different technologies grouped under the solar cooling family can be classified 
distinguishing the modality of solar energy exploitation, the cooling machine employed and 
the energy carrier that connects solar and cooling technologies. 
Taking in account only solar cooling systems based on the solar thermal energy can be 
distinguished between systems which use directly thermal energy and systems which use 
mechanical energy as intermediate energy carrier. 
Systems which use directly solar thermal energy are based on the physical phenomena of 
sorption in either an open or closed thermodynamic cycle.  
Open sorption cooling includes a series of system that provides to air conditioning using open 
cycles based on processes of humidification-dehumidification, in which the desiccant medium 
(liquid or solid) is regenerated using solar energy. 
Closed sorption cooling includes absorption and adsorption systems. Absorption cooling 
systems use liquid absorbents, their components are the same of vapor compression chillers 
with the difference that the mechanical compressor is replaced with a continuously working 
thermal compressor. Adsorption cooling systems use solid adsorbents and as in absorption 
cooling systems the mechanical compressor is replaced with a thermal compressor, whose 
operation is instead cyclical. 
Systems which use mechanical energy as intermediate energy carrier can be further 
distinguished into organic Rankine cycle systems and steam jet systems.  
Organic Rankine cycle systems are mechanically driven vapor compression chillers where the 
mechanical driving forces are provided by conversion of low temperature heat to mechanical 
energy using an organic Rankine cycle. 
Steam jet systems are thermo-mechanical chillers where the mechanical compressor is 
replaced with a jet steam ejector, whose motive steam is generated using solar energy. 
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Solar cooling systems based on the sorption cooling are the most diffuse on the market. 
Sorption machines can be characterized taking in account the thermal coefficient of 
performance (COP) and the required driving temperature. 
 
Figure 1.2 - COP of sorption cooling technologies as a function of the driving temperature 
1.1.3 Technical and market maturity 
The activities in the field of solar cooling have had a strong development only approximately 
in the last 15 years, in particular within the “IEA Solar Heating & Cooling Programme” but also 
in many other national and European R&D projects. 
Only about 269 solar cooling working installations had been identified in the census of 2009 
within IEA TASK 38 [1]; considering more recent data, in 2014 close to 2200 solar cooling plants  
have been installed worldwide covering all types of technologies and sizes [2]. Taking in 
account these data and comparing these numbers to the tens of millions of vapor-
compression air-conditioning systems sold worldwide every year, it’s evident that the solar 
cooling technology must be considered still at a pre-competitive development stadium; 
although most of plant’s component are often available on the market, the experience in the 
assembly of the same is still low. 
For solar cooling systems that operate with temperatures below approximately 110°C there 
exists a good supply of robust, cost effective solar collectors; otherwise, solar collectors to 
produce heat at temperatures in the range from about 150°C to 250°C, which are needed for 
multi-stage absorption chillers and high temperature lift applications, are still scarce. 
Taking in account the cooling machines’ market, large thermally driven chillers and open 
sorption cycles have existed for many decades and are well established on the market. Their 
main use today is with waste heat (from co-generation systems or industrial processes, as 
example) or directly gas-fired; however, these systems are designed to provide the base 
cooling load and are not specially optimized for operation with intermittent solar energy. In 
the field of small capacity thermally driven chillers (up to approximately 35 kWc) progress 
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have been made in the last decades and R&D on solar cooling has significantly contributed to 
stimulating this development; today numerous systems from various manufacturers are 
offered on the market and have reached considerable technical maturity. 
1.2 Overview on installed solar cooling systems 
1.2.1 Technical characteristics 
Data collected in the census of 2009 performed within the IEA TASK 38 are still effective to 
identify the general technical characteristics of solar cooling installed systems; the main 
aspects are the diffusion of cooling technologies, the coupling of chillers with solar collectors 
and the choice of their relative size, the diffusion and sizing of storages and backup systems. 
The installed systems are applied to very diversified utilities and have very different cooling 
capacities. Within 269 installations, the technology of thermally driven chillers is the most 
used and in particular machines based on the absorption principle: they represent the 71% of 
large scale systems, the 90% of small scale systems [1].  
 
Figure 1.3 - Worldwide installed thermally driven chillers’ cooling power using solar energy (the type applied in 
the different countries is highlighted) 
Taking in account the typologies of solar collectors installed for cooling purposes it’s evident 
the prevalence of flat plate and evacuated tube collectors. 
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Figure 1.4 - Worldwide installed solar collectors’ surface for cooling purpose (the type applied in the different 
countries is highlighted) 
Fundamental importance has the coupling of cooling technology and solar collectors and the 
choice of the relative size of these subsystems, which can be expressed as the ratio between 
solar collectors’ area and chiller’s cooling capacity. This parameter does not assume a 
recurrent value: it depends from the application typology, from the utilities served, from the 
climatic conditions and from the solar cooling technologies utilized. An average estimate for 
the absorption and adsorption systems is of about 3 m2/kWc. 
 
Figure 1.5 - Ratio of solar collectors’ area installed per kW of chiller’s cooling capacity for the most used 
technologies combinations 
Installation of thermal buffer storages is quite common in solar cooling systems: they are 
usually filled with water and can be applied either on the hot either on the cold side (or on 
both); anyway, in few cases have been applied cold storages and mainly in applications with 
cooling demand at temperatures below 0°C. Storage’s sizes range from small buffers used to 
overcome short-term fluctuations, up to large buffers used to store energy for a number of 
hours. There is not a consistent trend in the volume of hot storage tanks employed in solar 
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cooling systems: this probably reflects the diversity of applications and the relative sizing of 
solar collector’s area and chiller’s cooling capacity. 
 
Figure 1.6 - Ratio of hot water storage tank’s volume per m2 of solar collector’s area classified according to the 
technology used for solar collectors 
Installation of backup systems is quite common: it could be used either hot backup systems, 
to integrate the heat supplied from solar collectors, either cold backup systems, to integrate 
the cooling capacity of the solar cooling system itself; in general, their installation allows to 
limit the size and the costs of solar cooling system shortening the payback time. There are no 
common solutions as the typology and the size of the backup system depends from a wide 
range of factors. 
To conclude absorption chillers are the thermally driven chillers most present on the market 
in both small and large applications; their combination with solar flat plates or evacuated tube 
collectors is quite well experienced, especially in large systems. Sizing criteria for the solar 
collectors’ area compared to the installed cooling power, or of the hot storages compared to 
the solar collectors’ area can’t be easily derived: installed systems differ so much that possible 
average values cannot be considered representative of the sample. 
1.2.2 Economical characteristics 
Taking in account economic aspects, the first cost (investment cost including planning, 
assembly, construction and commissioning) of solar cooling systems is significantly higher 
than the corresponding cost of standard grid electricity based solutions. As reported in the 
best practice brochure developed within IEA TASK 48 [3], first cost for total systems ranges 
from about 1500 € per kWc to 7500 € per kWc and even higher in some particular cases; this 
large range is due to different sizes of systems, different technologies, different application 
sectors and other boundary conditions. 
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Figure 1.7 - Specific costs of installed best practice solar cooling systems 
Looking at the overall life cycle cost of solar cooling systems (excluding any incentives or funds) 
in comparison to conventional standard solutions, the situation looks much better than in the 
case of first cost. Depending on the particular conditions solar cooling systems are expected 
in many cases to amortize within their lifetime; under promising conditions payback times of 
10 years and less can be obtained. 
Generally speaking, the most favorable conditions for successful market implementation of 
solar cooling systems are: 
- Installation in places with high solar energy availability; 
- Installation in places with high cost of conventional energy; 
- Installation in applications with an high need for cooling and possibly also for other 
heat loads (such as sanitary hot water and/or process heating). 
1.3 State of art on solar absorption chiller systems layout  
1.3.1 Generic layout of solar absorption chiller systems 
Generally solar cooling systems based on absorption chillers can be divided into three 
subsystems: 
- The solar system loop, consisting essentially of solar collectors, heat storage and 
backup system which provide heat to the generator G of the absorption chiller; 
- The cooling water loop, consisting of cooling tower which reject heat from the 
condenser C and the absorber A of the absorption chiller; 
- The chilled water loop, consisting in the cold side of the evaporator E of the absorption 
chiller which provides useful cooling to the load. 
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Figure 1.8 - Absorption chiller systems general layout [4] 
1.3.2 Solar collectors 
Solar thermal collectors are a special kind of heat exchangers that transform solar radiation 
energy into internal energy of the transport medium, which usually is air, water or oil. 
Basically, there are two types of solar collectors: non-concentrating and concentrating, which 
taking in account collector’s motion correspond respectively to stationary and sun-tracking 
collectors. A non-concentrating collector has the same area for intercepting and for absorbing 
solar radiation, whereas a concentrating collector usually has concave reflecting surfaces to 
intercept and focus the sun’s beam radiation to a smaller receiving area, thereby increasing 
the radiation flux. Higher is the concentration ratio, defined as the aperture area divided by 
the absorber area of the collectors, higher is the temperature which the transport medium 
can reach; furthermore, high concentration ratio values are attainable only using accurate sun 
tracking systems. 
 
Figure 1.9 - Classification of solar thermal collectors and principal operating parameters [5] 
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The fundamental and critical parameter in the coupling between solar collectors and 
absorption chillers is the range of temperatures accepted from the generator, which limits the 
possible choices. Taking in account only single stage absorption chillers, two are the available 
technologies in the market: 
- H2O-LiBr chillers: require temperatures at the generator in the range from about 70°C 
to 95°C, then can be coupled to flat plate collectors and evacuated tube collectors; 
- NH3-H2O chillers: requires temperatures at the generator in the range from about 
130°C to 180°C, then can be coupled to compound parabolic collectors, linear Fresnel 
reflectors, cylindrical trough collectors and parabolic trough collectors. 
Flat plate collectors (FPC) 
FPC are the most common type of collector tanks to the low market price and their capacity 
to exploit both direct both diffuse radiation without sun tracking mechanisms. They are 
ordinarily used for low temperature applications until reaching temperatures of about 80°C, 
more this technology has achieved higher efficiency allowing to reach temperatures of about 
100°C. 
In a typical flat plate collector, when the solar radiation passes through the transparent cover 
and impinges on the blackened absorber surface a large portion of it is absorbed by the plate 
and then transferred to the heat transfer medium in the fluid tubes to be carried away for 
storage or use. The underside of the absorber plate and the side of casing are well insulated 
to reduce conduction losses. The liquid tubes can be welded to the absorbing plate or they 
can be an integral part of the plate; they are usually connected at both ends by large diameter 
headers tubes. The transparent cover (single or double) is used to reduce convection losses 
from the absorber plate through the restraint of the stagnant air layer between the absorber 
plate and the glass; it also reduces radiation losses from the collector as the glass is 
transparent to the short wave radiation received from the sun but is nearly opaque to long-
wave thermal radiation emitted by the absorber plate.  
 
Figure 1.10 - Constructional characteristics of FPC 
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Evacuated tube collectors (ETC) 
Under unfavorable environmental conditions, particularly low solar radiation and low ambient 
temperatures, or with high temperatures required to the heat transfer fluid, the effect of 
thermal losses can assume considerable importance and highly limit a solar collectors’ 
efficiency. To cut down these dispersions, the convective heat transfers with the ambient can 
be drastically reduced introducing an interspace between the absorber and the outer cover in 
which is practiced vacuum: this feature leads to a few Pascal pressure and obliges to replace 
the flat cover with a tubular type to ensure the necessary mechanical resistance. Like FPC, ETC 
collect both direct both diffuse radiation; however, their efficiency is higher at low incidence 
angles and this effect tends to give an advantage in day long performances. Evacuated tubes 
with CPC reflectors are also commercialized by several manufacturers. 
Two main typologies of ETC can be distinguished: evacuated tube heat pipe collectors and U-
tube collectors. 
Evacuated tube heat pipe collectors use liquid-vapor phase change to transfer heat at high 
efficiency. These collectors feature a heat pipe placed inside each vacuum sealed tube. The 
pipe which is a sealed copper pipe, is attached to a black copper fin that fills the tube and 
constitutes the absorber plate. Protruding from the top of each tube there is a copper header 
attached to the sealed pipe which constitutes the heat pipe’s condenser. When solar radiation 
impinges on the absorber plate, heat is transferred to the fluid contained in the heat pipe that 
turns into steam and rises up the heat pipe to the copper header. The solar heat is then 
transferred to the heat transfer medium contained in the copper header, the heat pipe’s fluid 
is condensed and falls back down the heat tube, where the process starts all over again. Since 
there is a “dry” connection between the absorber and the header, installation is much easier 
than with U-tube collectors; individual tubes can also be exchanged without emptying the 
entire system of its fluid and should one tube break, there is little impact on the complete 
system. Because no evaporation or condensation above the phase-change temperature is 
possible, the heat pipe offers inherent protection from freezing and overheating. As a 
counterpart, these collectors must be mounted with a minimum tilt angle of around 25° in 
order for heat pipe’s fluid to return to the hot absorber and are more expensive than U-tube 
collectors. 
 
Figure 1.11 - Constructional characteristics of ETC (heat pipe) 
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U-tube collectors are constituted by two concentric glass tube between which is practiced 
vacuum. The absorbent material is placed on the internal surface of the inner tube which also 
contains a long copper tube in a U shape connected to a copper header. In this collector 
typology the heat transfers medium flows directly from the header through the U tube and 
back. Unlike the “dry” type collectors, tubes can’t be changed out while the system is working, 
if a tube is broken it will affect the entire system and there is not the possibility of a self-
regulation of temperatures; as advantage, these collectors are much cheaper. 
 
Figure 1.12 - Constructional characteristics of ETC (U-tube) 
1.3.3 Absorption chiller 
Absorption chillers are devices which uses a hot fluid as energy source to drive the so called 
“thermal compressor” which substitutes the classical electrical compressor of vapor 
compression chillers.  
The operation of an absorption chiller is based on the interaction of a pair of working fluids, a 
refrigerant, present throughout the circuit, and an absorbent present in the thermal 
compressor’s side. 
The feeding hot fluid heat up, bringing it to boiling, the diluted solution of refrigerant and 
absorbent contained in the generator. During the boiling, the refrigerant evaporates and the 
solution is enriched of absorbent. The refrigerant vapor passes to the condenser; the 
concentrated solution is collected and pre cooled, by passing through a heat exchanger, 
before being reintroduced in the absorber.  
In the condenser, the refrigerant vapor condenses on the surface of cooling circuit’s coils. The 
condensation heat is removed by cooling water and disposed through the evaporating tower. 
The condensed refrigerant is collected and directed to the evaporator. 
The pressure existing in the evaporator is much lower than that of the generator and the 
condenser for the influence of the absorber. For this reason, the liquid refrigerant, once 
entered in the evaporator, boils and absorbs heat evaporating on the coil of the surface of the 
water to be cooled, producing the desired cooling effect. The obtained refrigerant vapor then 
flows in the absorber. 
The low pressure existing in the absorber is due to the chemical affinity between the 
concentrated solution from the generator and the refrigerant vapor from the evaporator. The 
refrigerant vapor is absorbed by the concentrated solution while it laps the surface of the 
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absorber’s coil. The dilution heat is removed by the cooling water. The diluted solution is then 
preheated in the heat exchanger before being sent back in the generator by the solution 
pump; this component represents the only internal electrical consumption of the chiller and 
absorbs a power of less than 1% of the produced cooling capacity. 
 
Figure 1.13 - Diagram of operation of an absorption chiller 
The most common combinations of refrigerants and absorbent are NH3-H2O and H2O-LiBr. 
In the H2O-LiBr combination the refrigerant is the water; it has an high latent heat, is not 
flammable, is not toxic but its freezing temperature limits its application field to temperatures 
above 0°C (practically the lowest attainable temperature is of about 5.5°C) and pressure levels 
are sub-atmospheric. The solution of H20-LiBr used as absorbent instead is not volatile, is not 
corrosive with the appropriate materials but introduce the risk of crystallization, which leads 
to the block of the machine. It consists in the precipitation of the salt dissolved when its mass 
fraction exceeds the limit of solubility at that temperature; to avoid this phenomenon it must 
be guaranteed, with any external climate condition, an absorber temperature below certain 
values, usually around 35°C, which implies the exclusion of air cooling systems. Compared to 
the ammonia chiller this system is more efficient (COP ranges from about 0.65 to 0.75) due to 
the lower specific heat, the highest latent heat of evaporation and the absence of the rectifier. 
The feeding temperature at the generator is between 70°C and 95°C, and together whit the 
cooling water temperature greatly affects the cooling capacity of the chiller. Furthermore, also 
a double stage machines are available using H20-LiBr. Two generators working at different 
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temperatures are operated in series, whereby the condenser heat of the refrigerant desorbed 
from the first generator is used to heat the second generator. An higher thermal COP in the 
range from about 0.9 to 1.2 can be achieved but driving temperatures between about 140°C 
and 160°C are required. 
In the NH3-H2O combination the refrigerant is the ammonia; it allows a wider field of 
application thanks to the possibility of guaranteeing chilled water temperatures below 0°C but 
is corrosive, is toxic and require pressure levels much more high than atmospheric pressure. 
Furthermore, the water because of its volatility obliges to the introduction of an additional 
component downstream to the generator called rectifier that eliminates water particles 
trapped in the refrigerant vapor. There are no solution crystallization risks allowing to use air 
cooling systems. Anyway, in general the system is more complex and less efficient (COP is 
about 0.6) than lithium bromide chiller but can fulfill some request technically impossible with 
the other technology. The feeding temperature required at the generator is between 130°C 
and 180°C. 
1.3.4 Cooling tower 
The heat to be rejected from an absorption chiller system is the sum of the heat removed at 
the evaporator and the driving heat supplied at the generator (circulation pump’s absorbed 
power is negligible). Absorption chillers’ performances are greatly affected by the absorber 
and condenser heat rejection temperature, which generally must be maintained between 
24°C and 35°C. Considered these needs, wet cooling towers are usually employed. 
A wet cooling tower is a particular kind of direct contact heat exchanger in which the process 
fluid, typically water, is cooled through an air-water current. In this way, the cooling effect is 
given both by sensible heat due the temperature difference between the two currents both 
by latent heat due to water evaporation until the attainment of a saturation equilibrium.  
There are several configurations which are distinguished by: 
- Mutual arrangement of the two streams: in a counterflow circuit the process fluid 
drops down entering in contact with the ascending current of air, in a crossflow circuit 
the two currents are precisely angled to each other; 
- Circuit typology: it is open if the process fluid enters in direct contact with the cooling 
air, or it is closed if due specific requirements this contact is not allowable; 
- Draft: it is natural if there are no fans and the air flow is given only by natural draft, 
forced if fans are employed. 
Taking in account an open circuit and forced draft counterflow cooling tower, the thermal 
power which can reject is a function of water inlet temperature, of ambient air conditions and 
of circulating mass flows of water and air. The limit of the thermal energy extractable by the 
air current correspond to an exiting saturated air, which don’t allow further evaporation, and 
to an entering water temperature, which don’t allow sensible heat exchange.  
The cooling capacity of a forced draft cooling tower, then the temperature of exiting water, 
can be regulated varying the circulating air flowrate by controlling the fan speed. This 
possibility is accompanied by an important involvement of the electrical consumption of the 
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machine, as following the laws of the fans, for a constant diameter machine it can be assumed 
that the mechanical power absorbed P and the rotational speed n are related by the equation: 
𝑃2 = 𝑃1 (
𝑛1
𝑛2
)
3
 
Then also a small decrease in the fan velocity can lead to substantial electrical energy savings. 
 
Figure 1.14 - Scheme of an open circuit and forced draft counterflow cooling tower 
Conventional forced draft cooling tower are operated either with: 
- Fixed fan speed, then there is no regulation possibility and the fan always works at full 
load, independently of the ambient temperature and the cooling load; 
- 2-step fan speed control, where the power supply to the fan motor is switched 
between star and delta connection depending on the cooling water temperature, thus 
reducing the fan electricity consumption (at low ambient temperatures, as example); 
- Variable frequency drive controlled fan and fixed set temperature for the outlet 
temperature of the cooling water; this control leads to a noticeable decrease in 
electricity consumption, especially with highly variable ambient temperatures and 
cooling loads. 
Wet cooling towers are compact and have low investment costs; on the other hand, the 
operation costs are high because of the water consumption and there are hygienic issues due 
to fouling of the heat transfer surfaces by biological material and dust from the air stream 
passing by. This last problem can be avoided using closed wet cooling towers, but the 
temperature of cooling water and investment costs are higher; other advantages are the lower 
running and maintenance costs. 
1.3.5 Heat storage systems 
Hot storages are widely spread among installed solar cooling systems, while cold storages are 
not so common; anyway, there is not a consistent trend in the volume employed. The use of 
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a storage buffer in an absorption chiller system can extend the daily cooling period, can result 
in an higher system efficiency and can prevent rapid start up or shut down events of the 
absorption chiller. 
The most common systems used are sensible heat storages filled with water. High specific 
heat capacity, wide availability, chemical stability and low cost makes water a good storage 
media suitable for low temperature applications, as single stage H2O-LiBr absorption chillers. 
Due to the boiling point constraint, its use for higher temperature applications, as multi stage 
or NH3-H2O chillers, requires increasing the system pressure. 
Thermal storage systems can be distinguished into direct and indirect systems. In direct 
systems a single heat transfer fluid is used to transfer heat from the solar collector to the 
thermal storage, to transfer heat from the thermal storage to the absorption chiller and to 
store heat. Alternatively, in indirect systems heat from solar collectors is transferred into a 
different medium, via an heat exchanger, at some point in the process before it arrives to the 
absorption chiller. Direct storage systems have a number of distinct advantages: in addition 
to reducing system cost, the elimination of additional heat exchangers prevents the resulting 
degradation of temperature from the solar source to the absorption chiller and reduces the 
need for additional pumped flow circuits with associated parasitic power consumption. 
However, indirect storage systems are essential when freezing protection is needed. 
In an hot water storage tank, usually solar heated hot water enters at the top and cooler water 
is withdrawn from the bottom to go to the solar collectors (or to the heat exchanger, in an 
indirect system). If a sufficient temperature rise is achieved over the collectors, thermal 
stratification can be attained: it consists in the formation of a distinct temperature separation 
between hot water at the top of the tank and cooler water at the bottom of it; conversely, if 
the temperature rise over the collectors is low, or if the mixing effect of water flowing into 
and out of the tank is high, then the water in the tank may rise and fall as a single block of well 
mixed fluid. Thermal stratification leads several thermodynamic benefits to the system: the 
top of the tank water temperature is higher than without stratification with benefits for the 
absorption chiller operability and cooling capacity; the bottom of the tank water temperature 
is lower than without stratification with benefits for solar collectors’ efficiency. Several 
guidelines have been proposed in literature to optimize this effect, which mainly deal with 
optimizing the aspect ratio of the tank (the ratio of the tank height and its diameter) and the 
positioning of inlet and outlet pipes. 
1.3.6 Control and backup systems 
Control and backup systems’ characteristics highly depends on the specific application of the 
absorption chiller system. 
In general, the most crucial part of an absorption chiller system’s control system is the solar 
collectors loop control. Its characteristics directly influences the collected solar energy, then 
the operation of the absorption chiller itself, especially if no backup systems are installed. The 
solar collector loop should operate with a limited temperature lift and with an high flowrate 
of the working fluid; its circulation must be prevented in periods with too low solar radiation, 
when the heat losses from the collectors are higher than the collected solar energy. Common 
control strategies are: 
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- Differential on-off: a constant speed pump is switched on or off based on the 
temperature difference between the fluid exiting the collectors and the thermal store. 
This control strategy is simple but presents large fluctuations in the collector outlet 
temperature, results in higher collector losses and lower solar gains during standstill 
periods (due its on-off nature) and leads to an high power consumption of the 
auxiliaries (especially in part load conditions). 
- Temperature difference based: a proportional controller is used to drive a variable 
speed pump based on the temperature difference between the fluid exiting the 
collectors and the thermal store. This control strategy leads to smaller oscillations in 
the collector outlet temperature (even up to have constant temperatures), decreases 
thermal losses due to less standstill time while operating and increase system’s 
efficiency in part load conditions. 
- Radiation based: a proportional controller is used to drive a variable speed pump based 
on the measurement of relative changes in solar radiation. This control strategy can 
achieve almost constant values in collector outlet temperatures, is direct and has no 
time delay or dead time; otherwise, a different correlation between radiation and 
pump speed is necessary for each solar absorption system and additional isolation and 
sensors are needed. 
Taking in account circulation pumps, almost exclusively centrifugal pumps are installed in solar 
cooling systems. Depending on the size, from about the 50% to the 80% of the consumed 
electricity is converted into useful hydraulic power; anyway, the utilization of high efficiency 
pumps does not implicate an efficient pumping automatically: the strong relationship 
between characteristic pump and system curve demands a proper system design as well as 
pump selection. It has been observed in installations that using high efficient pumps with 
variable speed control can highly reduce system auxiliary energy consumption and it is worth 
the additional system’s cost. 
Taking in account backup systems, basically they can be divided in two typologies: hot and 
cold backup systems. Using an hot backup system, during periods of insufficient solar 
radiation, the solar system is backed up by an auxiliary heater (fueled by electricity or natural 
gas). The backup heater should provide driving heat for the absorption chiller to assure 
production of cold independently from the currently available solar system output; it can be 
either directly connected to the hot water loop leading to the chiller hot side (in series or in 
parallel), or it can be connected to the heat storage tank. Using a cold backup system, a backup 
vapor compression chiller is used until the desired temperature of chilled water supply is 
obtained (in serial mode), or it provides additional cooling power at the given temperature 
difference (in parallel mode). It is a better option than backup heater in cases when the most 
of cooling energy is to be delivered without solar energy input; this is due to the lower 
consumption of primary energy using a compression chiller (thanks to its high COP) compared 
to a conventional heater based on fossil fuels.
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2  IDENTIFICATION OF THE SOLAR ABSORPTION SYSTEM 
DESIGN PARAMETERS 
2.1 Data analysis 
2.1.1 Industry data  
The flow sheet shows that there are 11 compression chillers working in the industry. They are 
manufactured by Emerson Climate Technologies [6] and 6 different models have been 
installed. 
C01 D3DC-100X 
C02 D6DH-350X 
C03 D6DH-350X 
C04 D6DH-350X 
C05 D2SA-55X 
C06 D3DC-100X 
C07 D3DC-100X 
C08 D6DT-300X 
C09 D4DH-250X 
C10 D6DH-350X 
C11 D6DJ-400X 
Table 2.1 - Overview of the compression chillers installed in the industry 
 
Figure 2.1 - Legend of industry’s  flow sheet 
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Figure 2.2 - Industry’s flow sheet  (part 1) 
2     Identification of the solar absorption system design parameters 
 
33 
 
 
Figure 2.3 - Industry’s flow sheet  (part 2) 
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Figure 2.4 - Industry’s flow sheet  (part 3) 
Analyzing the layout of the system and his connection to the production processes (illustrated 
in detail in the appendix A) the compression chillers could be divided into three groups (G1, 
G2, G3), distinguishing them from evaporator, condenser and refrigerated ambient 
temperatures (Teva, Tcond, Tamb). These temperatures are considered to be constant during 
the year: Teva and Tamb being associated to the use destination of the refrigerated ambient, 
Tcond as system functioning hypothesis (using cooling towers equipped with a variable 
frequency drive in the fan's motor to supply a variable flowrate of the heat removing medium). 
Put aside the technical reasons, having considered the compression chillers in groups instead 
of individually is due the fact that install a bigger auxiliary  solar absorption system solar 
absorption system has much lower specific investment cost than install more smaller 
independent systems, as seen in [3]. 
  Model Teva (°C) Tcond (°C) Tamb (°C) Use 
  C01 D3DC-100X         
  C02 D6DH-350X         
G1 C03 D6DH-350X -5 45 17 seasoning, maturation,  
  C04 D6DH-350X       shipping, processing cells 
  C09 D4DH-250X         
  C10 D6DH-350X         
G2  C08 D6DT-300X -15  45 5  resting cells 
 C11 D6DJ-400X     
  C05 D2SA-55X         
G3 C06 D3DC-100X -20 35 2 salt cells 
  C07 D3DC-100X         
Table 2.2 - Clustering of the compression chillers installed in the industry 
Considering a fixed condensation temperature is not completely a realistic hypothesis, 
especially for the air condensed groups. The considered fixed temperatures are typical of 
summer months, in winter months the colder mean temperature of the heat removing 
medium would probably make more convenient lower temperatures as also the COP of the 
compression chillers increases in such circumstances. In the present study this hypothesis has 
not a big impact on the results; the main reasons are explained but will be more clear 
considering the continuation of the present work (compression chillers groups’ load and 
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theoretical energy savings from the auxiliary solar absorption system’s installation have not 
been modeled yet):  
- As compression chillers’ load is expected to be proportional to the temperature 
difference between external and refrigerated ambient temperatures, lower will be the 
equivalent working hours of compression chillers in winter months (or their fraction of 
design load) then the energy savings obtainable from working at a lower condensation 
temperature;  
- Due to the lower intensity of solar radiation in winter months the auxiliary system’s 
working hours are expected to be limited in this period of the year (as no hot backup 
system is installed); then frequently there will not be variations in the compression 
chillers’ condensation temperature and energy savings from the installation of the 
auxiliary system will be null. 
It can be concluded that energy savings in winter months will be certainly overestimated, but 
from an annual point of view this will not have much influence as energy savings are expected 
to be concentrated in summer months.  
A better degree of precision could have been obtained considering for each month a 
condensation temperature related to the monthly average dry or wet bulb temperatures, 
depending on the compression chillers group’s cooling tower characteristics: for air 
refrigerated condensers could have been considered a condensation temperature equal to 
the average monthly dry bulb temperature increased of 10°C; for water refrigerated 
condensers could have been considered a condensation temperature equal to the average 
monthly wet bulb temperature increased of 5°C. 
It should be noted from the system flow sheet regenerative heat exchangers interposed 
between the exit from compression chillers of G1 group’s compressors and the enter to the 
condensers; these components serve the scope to produce process hot water and decrease 
the heat to be removed by the cooling towers. The presence of these components affect the 
condensation process, causing unpredictable variations of the G1 group supposed 
condensation temperature (then affecting the validity of the compression chillers group’s 
reconstructed load). 
The total annual electrical consumption of each compression chiller has been given; from 
these data the total annual electrical consumption of each compression chillers group has 
been calculated. 
It results that G1, G2 and G3 absorbs 58.84%, 32.42% and 8.74% of the total electrical energy 
respectively, although the associated chilled ambient temperatures are decreasing (17°C, 5°C 
and 2°C respectively): this behavior could seem anomalous but leads to the conclusion that 
the dimensions and heat dispersion characteristics of each ambient are more influential than 
the chilled ambient temperature itself on the compression chillers’ load and on installed 
chilling power for each ambient. 
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Annual electrical consumption 
Group kWh % 
G1 713227 58.84 
G2 393032 32.42 
G3 105938 8.74 
TOT 1212197 100 
Table 2.3 - Total annual electrical consumption of each compression chillers group 
No other informations on the industry have been given; neither about the building and the 
refrigeration cells characteristics (dimensions, insulation characteristics, solar exposition, as 
example), neither about the quantity of processed meat and the seasonality of related 
processes. The compression chillers groups’ hourly electrical consumption profile modeling 
will then be affected from the quantity and the quality of the given data. 
The total annual cost of the energy consumed from each compression chillers group have been 
calculated by multiplying the respe 
ve total annual electrical consumption by the electrical energy price, considered of 21.03 
c€/kWh (this value has been obtained as explained in the following economic analysis section). 
Annual energy cost  
Group € 
G1 149991.64 
G2 82654.63 
G3 22278.76 
TOT 254925.03 
Table 2.4 - Total annual energy cost of each compression chillers group 
2.1.2 Meteorological data 
The meteorological data taken in account have been found in the CTI’s database of typical 
climatic year of all Italian provinces, made using the computational model of the UNI EN ISO 
15927 - 4: 2005 “Hygrothermal performance of buildings - Calculation and presentation of 
climatic data - Part 4: Hourly data for assessing the annual energy use for heating and cooling” 
[7]. 
The station of Foligno (PG) has been considered significant for this work, as the closest to the 
real location of the industry (Norcia (PG)). Data supplied are the temperature (°C), the total 
solar irradiation on horizontal surface (W/m2), the relative umidity (%) and the wind velocity 
(m/s); these are given for a whole year on hourly basis. 
The hourly value of total solar irradiation on horizontal surface in daytime ranges from about 
400 W/m2 to 1000 W/m2 during the year, showing a very good solar energy availability. 
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The electrical consumption of compression chillers, so the heat to be removed from the 
condensers (load of the auxiliary solar absorption system), is expected to be proportional to 
the external temperature (strictly speaking to the difference between this and refrigerated 
ambient temperature, supposed constant). Then, it clearly appears that solar radiation 
availability and load of the solar absorption system are coupled temporally making this 
solution promising. 
 
Figure 2.5 - Annual variation of the external temperature (with hourly discretization) 
 
 
Figure 2.6 - Annual variation of the total solar irradiation on horizontal surface (with hourly discretization) 
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2.2 Compression chillers groups analysis 
2.2.1 Compression chillers groups characterization 
The target of this section of the work is the characterization of the compression chiller groups; 
in doing this, there are 3 subtasks:  
- Identify the electrical power (P) and the coefficient of performance (COP) at nominal 
working conditions;  
- Predict P and COP at lower condensation temperature than the corresponding to 
nominal working conditions;  
- Investigate the effect of a condensation temperature reduction on the heat to be 
removed from the condenser (Qcond).  
The condensation temperature can be decreased using the auxiliary solar absorption system 
from the nominal 35°C or 45°C (values assumed for water and air condensed chillers 
respectively) to a new temperature reasonably in the range from about 10°C to 25°C. This 
result can be achieved using a H2O-LiBr absorption chiller system, supplying chilled water at 
temperatures from about 7°C to 16°C (these temperature limits are set by the chosen 
technology’s characteristics). 
Using a NH3-H20 absorption chiller system, lower condensation temperatures could be 
attained as the refrigerant could be supplied at temperatures up to -40°C, anyway this has no 
sense from a technical point of view. As seen, the ambient temperatures of the environments 
refrigerated by the compression chillers group G1, G2 and G3 are 17°C, 5°C and 2°C 
respectively and the temperatures of evaporators -5°C, -15°C and -20°C respectively. 
Generating chilling power with the auxiliary  solar absorption system at the same temperature 
level of the refrigerated ambient or of the evaporators (or also at too similar temperature 
levels) would have no sense; this because the heat to be removed by the auxiliary system from 
the compression chillers group’s condensers is higher than the heat removed by the 
compression chillers itself from the load: considering compression chillers’ thermodynamic 
cycle, the former is the sum of the latter and the electrical power absorbed by the 
compression chillers group. Then it would result more convenient, considering sizing issues, 
to use the auxiliary system to supply the cooling needs of the load (obviously when solar 
energy would available), than using it as auxiliary to the compression chillers system. 
Emerson Climate Technologies catalogs [6] supply the cooling capacity and the electrical 
power absorbed in kW (Q, P) of the compression chillers in usual ranges of evaporating and 
condensing temperatures; the refrigerant is R404A. 
It should be noted that values supplied from manufacturer are given at the full load capacity 
of the compression chillers; it is assumed that P and COP are independent from the fraction 
of the nominal capacity at which the compression chillers are working due to the lack of 
informations from the manufacturer.  
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Figure 2.7 - Technical data sheets of the compression chillers installed in the industry 
Using data from these tables the electrical power P and the coefficient of performance COP 
of each compression chiller at the normal operating Teva and Tcond have been found by 
interpolation.  
Electrical power is dependent from the chiller model, but it has been found to be similar for 
compression chillers of the same group; then, the average value of P has been assumed to be 
representative for all the compression chillers of the same group. Obviously the total electrical 
power of the group (Ptot) has been found by multiplying the average value of electrical power 
by the number of compression chillers of the group.  
Also the coefficient of performance has been found to be similar for compression chillers of 
the same group; then, the average value of COP has been assumed to be representative for 
all the compression chillers of the same group. 
 
2.2     Compression chillers groups analysis 
40 
 
 G1 G2 G3 
Teva (°C) -5 -15 -20 
Tcond  (°C) 45 45 35 
P (kW) 21.93 27.63 5.58 
Ptot (kW) 131.6 55.25 16.73 
COP 2.60 1.91 2.33 
Table 2.5 - Electrical power and coefficient of performance of each compression chillers group at his normal 
operating conditions 
Catalogs don’t supply data at condensation temperatures below 30°C, as unusual for 
compression chillers’ condenser. P and COP values has been extrapolated in the range from 
10°C to 25°C using a linear regression. 
 P (kW) 
Tcond (°C) G1 G2 G3 
10 12.52  18.93 4.40 
15 13.86 20.16 4.63 
20 15.20 21.40 4.87 
25 16.54 22.64 5.10 
30 17.88 23.88 5.33 
40 20.56 26.35 5.80 
50 23.24 28.83 6.27 
Table 2.6 - Electrical power of each compression chillers group varying the condensation temperature 
 
Figure 2.8 - Variation with the condensation temperature of the electrical power of each compression chillers 
group 
 COP 
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15 5.52 3.83 3.47 
20 5.04 3.51 3.19 
25 4.56 3.20 2.91 
30 4.08 2.88 2.63 
40 3.13 2.25 2.07 
50 2.17 1.62 1.51 
Table 2.7 - Coefficient of performance of each compression chillers group varying the condensation temperature 
 
Figure 2.9 - Variation with the condensation temperature of the coefficient of performance of each compression 
chillers group 
From generic considerations on the compression chillers’ thermodynamic cycle, the heat to 
be removed from the condenser (Qcond) result computable as: 
𝑄𝑐𝑜𝑛𝑑 = 𝑃(1 + 𝐶𝑂𝑃) 
Considering this equation and previous graphs of P and COP, it should be noted that a decrease 
of the condensation temperature corresponds both to a decrease of P both to an increase of 
COP, the global effect on Qcond is not evident; numerically one of the two effects has been 
found to be predominant in some ranges of the condensation temperature the other in the 
complementary ranges. Qcond has a parabolic trend varying Tcond; the condensation 
temperature at which corresponds the maximum of Qcond depends from the compression 
chiller group characteristics. 
Qcond (kW) 
Tcond (°C) G1 G2 G3 
10 87.63 97.27 20.92 
15 90.38 97.29 20.73 
20 91.84 96.54 20.41 
25 92.03 95.00 19.96 
30 90.93 92.69 19.38 
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40 84.89 85.73 17.83 
50 73.73 75.65 15.75 
Table 2.8 - Heat to be removed from the condensers of each compression chillers group varying the 
condensation temperature 
 
Figure 2.10 - Variation with the condensation temperature of the heat to be removed from the condensers of 
each compression chillers group 
It should be noted that the difference between minimum and maximum values of Qcond in 
the investigated condensation temperature range is low enough to allow the auxiliary solar 
absorption system to be regulated to match eventual load variations using conventional 
strategies (details will be discussed in the following of this work).  
Furthermore, it must be remembered that compression chillers’ data supplied from 
manufacturer are given at full load working conditions, no data are given at part load working 
conditions. It has been assumed that P, Q and Qcond vary in direct proportion to the fraction 
of full load at which the compression chillers are working; then, COP results independent from 
the fraction of full load at which the compression chillers are working. 
2.2.2 Hourly electrical consumption profile reconstruction 
The target of this section of the work is to reconstruct the hourly electrical consumption 
profile for the whole year for each group of compression chillers previously identified. This 
data is necessary to determine the theoretical energy savings achievable using the auxiliary 
solar absorption system and the hourly profile of its cooling load (equal to the heat to be 
removed from the compression chillers’ condensers at the condensation temperature 
imposed by the auxiliary system). 
Considering the available data, strong assumptions have been necessary to build a 
representative model to reconstruct the hourly electrical consumption profile of the 3 
identified compression chillers groups; the principal impacts of these hypothesis are briefly 
summarized before its complete explanation. 
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Fundamentally the model is based on the difference between the external and the 
refrigerated ambient temperatures. Due to the lack of informations on building and cells 
insulation characteristics, have not been possible to consider rigorously damping and phase 
swift effects connected to the insulation and the thermal capacity of the structures: damping 
has been taken in account considering for the external temperature, instead of the hourly 
values, a mobile average of these values (from hour i-8 to hour i+8 for the i-th hour, the 
centering of the average prevents phase swift); phase swift has not been taken in account as, 
even if marginally influences the hourly electrical consumption profile, it has no effects on the 
total energetic balance from an annual point of view. 
 
Figure 2.11 - Effect of damping on annual variation of the external temperature (with hourly discretization) 
Internal heat gains related to the pork meat processing have not been taken in account in the 
present study due to the lack of informations on processed meat quantity and on seasonality 
of processes. Meat needs to be refrigerated in all phases of the production, from the arrival 
in the industry to the shipping, the cold chain can’t be interrupted due to potential 
microbiological hazards; then, no substantial heat gains are supposed to be related to the pork 
meat processing. Furthermore, each of the production processes is assumed to be repeated 
with a regular schedule during the year as meat availability is independent from the season 
and there are no reasons to stop the production. 
Compression chillers group G1 serves a wide range of refrigerated locals: seasoning, 
maturation, shipping and processing cells. In shipping and processing cells internal heat gains 
(due as example to illumination, irradiation and worker’s presence) can’t be assumed to be 
negligible, insulation is expected to be scarce, the presence of windows and substantial air 
changes are sure; combining these factors, the ambient temperature is expected to be very 
sensitive to internal heat gains and external temperature variations. Opposite considerations 
can be made for seasoning and maturation cells, expected to have limited internal heat gains 
and air changes, to be well insulated and without windows; combining these factors, the 
ambient temperature is not expected to be very sensitive to internal heat gains and external 
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temperature variations. Then are expected huge differences in the working hours and 
absorbed electrical power of the compression chillers which serves shipping and processing 
cells and the compression chillers which serves seasoning and maturation cells. Furthermore, 
it should be remembered that the presence of the regenerative heat exchangers interposed 
between the exit from the compressors and the condensers generates uncertainties on the 
value of condensation temperature. To conclude, the proposed model to determine the 
hourly electrical consumption profile is not expected to be effective for the compression 
chillers group G1. 
Compression chillers groups G2 and G3 serves resting and salt cells respectively. Both of these 
ambient typologies are expected to have limited internal heat gains and air changes, to be 
well insulated and without windows; combining these factors, the ambient temperature is 
expected to be to be related mainly to external temperature variations. The proposed model 
to determine the hourly electrical consumption profile is expected to be effective for these 
compression chillers groups, on which the present study have been focused. 
The reconstructed hourly electrical consumption profiles and the corresponding total annual 
electrical consumptions will certainly differ from the real ones; anyway, the real total annual 
electrical consumptions have been given and must necessarily be matched from the 
reconstructed ones to properly size the solar absorption system. For each compression chillers 
group a scale factor has been derived from the ratio between real and reconstructed total 
annual electrical consumption and used to correct the hourly electrical consumption profile; 
this factor may be viewed as the product of the total heat exchange coefficient U and of the 
dispersing surface area, its introduction permits to take in account refrigerated ambient’s 
insulation characteristics and dimensions. 
The model used to reconstruct the hourly electrical consumption profile of each compression 
chiller group is based on the thermal balance of the refrigerated ambient associated to it. Heat 
dispersions from a generic refrigerated ambient can be evaluated using the following 
equation: 
𝑄𝑑𝑖𝑠𝑝(𝑖,𝑗) = 𝑈(𝑗)𝑆(𝑗)(𝑇𝑒𝑥𝑡(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗)) 
Where the variables introduced are: 
- i is the number of time intervals, considering 1 year with hourly discretization its value 
ranges from 0 to 8760; 
- j is the number of refrigerated ambients at different temperatures and of compression 
chiller groups, it ranges from 1 to 3; 
- Qdisp(i,j) are the heat losses from the j-th refrigerated ambient to the external 
environment in the i-th time interval; 
- U(j) is the total heat exchange coefficient of the j-th refrigerated ambient; 
- S(j) is the dispersing surface area of the j-th refrigerated ambient; 
- Text(i) is the temperature of external enviroment in the i-th time interval; 
- Tamb(j) is the temperature of the j-th refrigerated ambient. 
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It should be remembered that Tamb(j) is assumed to be constant in time, fixed from the use 
destination of each refrigerated ambient; Text(i) have been given; U(j) and S(j) are unknown but 
assumed to be constant in time. 
As previously said for the external temperature, instead of the hourly values, a mobile average 
of these has been used to take in account damping effects; this averaged value of the external 
temperature is indicated as Text’ and calculated as: 
𝑇𝑒𝑥𝑡′(𝑖) =
∑  𝑇𝑒𝑥𝑡(𝑖)
𝑖 + 8
𝑖 − 8
∑  𝑖𝑖+8𝑖−8
 
Then, combining the previous equations: 
𝑄𝑑𝑖𝑠𝑝(𝑖,𝑗) = 𝑈(𝑗)𝑆(𝑗)(𝑇𝑒𝑥𝑡′(𝑖)  − 𝑇𝑎𝑚𝑏(𝑗)) 
Considering negligible the internal heat gains and the air changes, the heat balance for each 
refrigerated ambient can be written as: 
𝑄𝑐ℎ𝑖(𝑖,𝑗) = 𝑄𝑑𝑖𝑠𝑝(𝑖,𝑗) 
Moreover, considering the compression chillers’ thermodynamic cycle: 
𝑄𝑐ℎ𝑖(𝑖,𝑗) =  
𝐿𝑒𝑙𝑒(𝑖,𝑗)
𝐶𝑂𝑃(𝑗)
 
Where the new variables introduced are: 
- Qchi(i,j) is the heat to be removed from the j-th refrigerated ambient by the 
corresponding compression chillers group in the i-th time interval; 
- Lele(i,j) is the electrical consumption of the j-th compression chillers group in the i-th 
time interval; 
- COP(j) is the coefficient of performance of the j-th compression chillers group; it results 
constant in time having considered constant Tcond(j) and Teva(j) (as explained in the 
previous section). 
Combining the equations written so far: 
𝐿𝑒𝑙𝑒(𝑖,𝑗)
𝐶𝑂𝑃(𝑗)
= 𝑄𝑑𝑖𝑠𝑝(𝑖,𝑗) = 𝑈(𝑗)𝑆(𝑗)(𝑇𝑒𝑥𝑡′(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗)) 
Then: 
𝐿𝑒𝑙𝑒(𝑖,𝑗) = 𝐶𝑂𝑃(𝑗)𝑈(𝑗)𝑆(𝑗)(𝑇𝑒𝑥𝑡′(𝑖)  − 𝑇𝑎𝑚𝑏(𝑗)) 
The variables COP(j), U(j), S(j) have been assumed to be not time dependent, then: 
𝐿𝑒𝑙𝑒(𝑖,𝑗)  ∝  𝑇𝑒𝑥𝑡′(𝑖)  − 𝑇𝑎𝑚𝑏(𝑗) 
It should be noted that only if this temperature difference is greater than 0 the chiller is on, 
else is off. The effective operation in each hour for each compression chiller group is then 
defined with the variable op(i,j): 
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𝑜𝑝(𝑖,𝑗) = {
1, 𝑇𝑒𝑥𝑡′(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗) ≥ 0
0, 𝑇𝑒𝑥𝑡′(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗) < 0
 
At this point, being known the hours in which each compression chillers group is working and 
its full load power (Ptot(j), defined in the previous section), its maximum electrical 
consumption in each time interval Lele,max(i,j) can be written as: 
𝐿𝑒𝑙𝑒, 𝑚𝑎𝑥(𝑖,𝑗) = 𝑜𝑝(𝑖,𝑗)𝑃𝑡𝑜𝑡(𝑗) 
Obviously compression chillers groups will not be exploited always at full load. Assuming each 
compression chillers group to be sized on the maximum load of the whole year and the 
proportionality relation found, the fraction of full load at which compression chillers are 
working in each time interval (ffl(i,j)) can be expressed as a function of ratio of the temperature 
difference between external environment and refrigerated ambient temperatures and the 
annual maximum of this variable: 
𝑓𝑓𝑙(𝑖,𝑗) =  
𝑇𝑒𝑥𝑡′(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗)
𝑀𝐴𝑋(𝑇𝑒𝑥𝑡′(𝑖)  −  𝑇𝑎𝑚𝑏(𝑗))
 
Based on the variables defined until now, the hourly electrical consumption profile for each 
compression chillers group can finally be reconstructed: 
𝐿𝑒𝑙𝑒(𝑖,𝑗) = 𝑓𝑓𝑙(𝑖,𝑗)𝐿𝑒𝑙𝑒, 𝑚𝑎𝑥(𝑖,𝑗) 
Reconstructed total annual electrical consumption of each compression chiller group has been 
calculated and compared with the supplied real total annual electrical consumption to 
determine the scale factor sf(j) and readjust the former with the latter. It should be 
remembered that this is fundamental to properly size the solar absorption system and makes 
possible to take in account indirectly the values of U(j) and S(j). 
Annual electrical consumption (kWh) 
G1 G2 G3 
Reconstructed 
172438.26 175615.14 61215.92 
Real 
713227 393032 105938 
Scale factor 
4.14 2.24 1.73 
Table 2.9 - Comparison of real and reconstructed total annual electrical consumption of each compression 
chillers group and determination of the scale factor 
Finally, the real hourly electrical consumption profiles Lele’(i,j) have been calculated: 
𝐿𝑒𝑙𝑒′(𝑖,𝑗) = 𝑠𝑓(𝑗)𝐿𝑒𝑙𝑒, 𝑚𝑎𝑥(𝑖,𝑗) 
As expected, the hourly electrical consumption profile of the compression chillers group G1 
shows a too high variability and can’t be considered reliable; consequently, for this group, the 
analysis of the effects of the installation of an auxiliary solar absorption system has not been 
considered in the present study. 
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Figure 2.12 - Annual variation of the electrical consumption of each compression chillers group (with hourly 
discretization) 
 
Figure 2.13 - Annual variation of the electrical consumption of compression chillers groups G2 and G3 only (with 
hourly discretization) 
The monthly electrical consumptions of both compression chillers groups G2 and G3 are highly 
concentrated from April to October, and especially in summer months (from May to 
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September) which represents the 70.55% and the 65.09% of total annual consumptions for 
G2 and G3 respectively.  
Based on this fact, it could be already foreseen that the auxiliary solar absorption system must 
be sized to operate during summer months, when the compression chillers groups are 
exploited closer to their full load and consequently the achievable energy savings from the 
auxiliary system installation would result higher. 
 Electrical consumption (kWh) Electrical consumption (%) 
Month G2 G3 G2 G3 
Jan  9240.77 3662.58 2.35 3.46 
Feb 5715.36 2479.53 1.45 2.34 
Mar  15338.41 5213.80 3.90 4.92 
Apr 26112.44 7546.41 6.64 7.12 
May 44864.01 11577.67 11.41 10.93 
Jun 52357.87 13094.16 13.32 12.36 
Jul 67451.90 16352.29 17.16 15.44 
Aug 67595.15 16382.57 17.20 15.46 
Sep 45031.77 11545.57 11.46 10.90 
Oct 37754.85 10074.94 9.61 9.51 
Nov  16830.94 5490.22 4.28 5.18 
Dec 4738.54 2518.24 1.21 2.38 
Table 2.10 - Monthly electrical consumption of compression chillers groups G2 and G3 
2.3 Solar absorption system characterization 
2.3.1 Theoretical energy savings, solar absorption system load and theoretical 
cash inflows 
The target of this section of the work is to determine, for each compression chillers group, the 
theoretical energy savings achievable and the heat to be removed installing an auxiliary solar 
absorption system to modify the condensing temperature. Furthermore, a sensitivity analysis 
has to be performed to determine if there is an optimal condensing temperature in the 
analyzed range from 10°C to 25°C: it is expected an inverse proportionality relation between 
the theoretical energy savings and the auxiliary system size. To conclude, an esteem of the 
theoretical cash inflows deriving from energy savings is necessary to have an idea of the 
possible economical performance of the auxiliary system. 
Each of compression chillers groups’ hourly electrical consumption profile is associated to its 
normal condensation temperature Tcond(j). Using the auxiliary system, the condensation 
temperature can be fixed to different values, which are indicated as Tcond,aux(j,k); k = 1…4 is 
an index used to identify the new fixed temperature in the investigated range from 10°C to 
25°C, with a 5°C spacing. The corresponding modified values of COP(j) and Ptot(j) are indicated 
as Ptot,aux(j,k) and COPaux(j,k).  
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Then, each of compression chillers groups’ hourly electrical consumption profile under each 
of the new condensation temperature is determined with the same method previously used 
to determine it at the normal condensation temperature; it is necessary to replace the 
compression chillers group’s electrical power at the normal condensation temperature Ptot(j) 
with the compression chillers group’s electrical power at each of new condensation 
temperatures Ptot,aux(j,k) in the equation: 
𝐿𝑒𝑙𝑒, 𝑚𝑎𝑥(𝑖,𝑗) = 𝑜𝑝(𝑖,𝑗)𝑃𝑡𝑜𝑡(𝑗) 
Which becomes: 
𝐿𝑒𝑙𝑒, 𝑚𝑎𝑥, 𝑎𝑢𝑥(𝑖,𝑗,𝑘)  =  𝑜𝑝(𝑖,𝑗)𝑃𝑡𝑜𝑡, 𝑎𝑢𝑥(𝑗,𝑘) 
The hourly electrical consumption values Lele,aux(i,j,k) in each time interval, for each 
compression chillers group at each new condensation temperature are finally calculated. 
Theoretical energy savings TES(i,j,k) in the i-th time interval for the j-th compression chillers 
group at the k-th new condensation temperature are calculated as: 
𝑇𝐸𝑆(𝑖,𝑗,𝑘) = 𝐿𝑒𝑙𝑒(𝑖,𝑗) − 𝐿𝑒𝑙𝑒, 𝑎𝑢𝑥(𝑖,𝑗,𝑘) 
The theoretical energy savings correspond to the maximum achievable, being their value 
calculated as if the auxiliary solar absorption system would work in each time interval. In the 
real case there will be limits to the auxiliary system effective operation, so to the achievable 
energy savings, due to the solar energy effective availability. 
The theoretical load of the auxiliary system is equal to the heat to be removed at the new 
condensation temperature from the condensers of the compression chillers group. In fact, it 
must be remembered that in the present study is analyzed the effect of an auxiliary solar 
absorption system working in parallel, as complementary, to the conventional cooling towers 
of the compression chillers group; when the auxiliary system is on, a three-way valve diverts 
the cooling load from the cooling towers to the absorption chiller. 
Taking into account the compression chillers thermodynamic cycle, the heat to be removed 
from the condensers by the auxiliary absorption system Qcond,aux(i,j,k) in the i-th time interval 
for the j-th compression chiller group at the k-th condensation temperature is: 
𝑄𝑐𝑜𝑛𝑑, 𝑎𝑢𝑥(𝑖,𝑗,𝑘) = 𝐿𝑒𝑙𝑒, 𝑎𝑢𝑥(𝑖,𝑗,𝑘)(1 + 𝐶𝑂𝑃𝑎𝑢𝑥(𝑗,𝑘)) 
The total annual theoretical energy savings and solar absorption system’s maximum and mean 
required cooling capacity (maximum and mean of Qcond,aux(i,j,k)  annual hourly values) have 
been calculated for each compression chillers group at each condensation temperature. These 
values needs to be investigated to find if there is a possible compromise choice to maximize 
energy savings while minimizing auxiliary system size. 
As expected the lower is the condensation temperature the higher are the theoretical energy 
savings, as COP of compression chillers increases. Otherwise, the heat to be removed from 
the compression chiller system’s condensers (analyzed in terms of maximum and medium 
values) remains almost constant in the analyzed temperature range, as can be easily explained 
considering compression chillers’ thermodynamic cycle: 
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𝑄𝑐𝑜𝑛𝑑 = 𝑃(1 + 𝐶𝑂𝑃) 
A decrease of the condensation temperature in fact correspond both to an increase in COP 
both to a decrease in P, numerically the influence of the two effects is found to be equivalent.  
Total annual theoretical energy savings range from about 20% to 30% and from about 10% to 
20%, for compression chillers group G2 and G3 respectively, of the total annual compression 
chillers group’s electrical consumption at the normal condensation temperature. 
Annual TES (kWh) 
Tcond,aux (°C) G2 G3 
10 123778.4 22331.62 
15 106171.99 17898.52 
20 88565.58 13465.94 
25 70959.17 9033.36 
 Annual TES (% on electrical consumption) 
10 31.49 21.08 
15 27.01 16.90 
20 22.53 12.71 
25 18.05 8.53 
Variation from Tcond,aux = 10°C (%) 
10 0 0 
15 -14.22 -19.85 
20 -28.45 -39.70 
25 -42.67 -59.55 
Table 2.11 - Variation with the condensation temperature of the total annual theoretical energy savings for 
compression chillers group G2 and G3 (using the auxiliary solar absorption system) 
Qcond,aux,max (kWh) 
Tcond,aux (°C) G2 G3 
10 437.20 109.01 
15 437.29 108.03 
20 433.89 106.37 
25 426.98951 104.0223 
Variation from Tcond,aux = 10°C (%) 
10 0 0 
15 0.02 -0.90 
20 -0.76 -2.43 
25 -2.34 -4.58 
Table 2.12 - Variation with the condensation temperature of the annual maximum heat to be removed from 
condensers of compression chillers group G2 and G3 (using the auxiliary solar absorption system) 
Qcond,aux,mean (kWh) 
Tcond,aux (°C) G2 G3 
10 180.20 47.06 
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15 180.22 46.63 
20 178.81 45.91 
25 175.97 44.90 
Variation from Tcond,aux = 10°C (%) 
10 0 0 
15 0.01 -0.91 
20 -0.77 -2.44 
25 -2.35 -4.59 
Table 2.13 - Variation with the condensation temperature of the annual mean heat to be removed from 
condensers of compression chillers group G2 and G3 (using the auxiliary solar absorption system) 
The theoretical total annual cash inflows deriving from energy savings for each compression 
chillers group at each new condensation temperature can be calculated by multiplying the 
total annual theoretical energy savings by the electrical energy price, considered of 21.03 
c€/kWh (this value has been obtained as explained in the following economic analysis section): 
𝑇𝐶𝑒𝑠 = 𝑇𝐸𝑆 ∙ 𝐶𝑒𝑙 
From about 15000 € to 25000 € and from about 2000 € to 5000€, for compression chillers group 
G2 and G3 respectively, can be saved every year installing the auxiliary solar absorption system; this 
result show that it could be a promising solution. 
Annual TCes (€) 
Tcond,aux (°C) G2 G3 
10 26030.60 4696.34 
15 22327.97 3764.06 
20 18625.34 2831.89 
25 14922.71 1899.72 
Table 2.14 - Variation with the condensation temperature of the theoretical cash inflows deriving from energy 
savings for compression chillers group G2 and G3 (using the auxiliary solar absorption system) 
2.3.2 Definition of the optimal condensation temperature and solar absorption 
system sizing 
The target of this section of the work is to determine for each compression chillers group the 
optimal size of the auxiliary solar absorption system; 2 subtasks can be identified: 
- As the condensation temperature influences both the theoretical energy savings both 
the heat to be removed from compression chillers’ condensers, it must be investigated 
if there is a possible compromise choice to maximize energy savings while minimizing 
auxiliary system size; 
- Once chosen the condensation temperature, theoretical energy savings and heat to be 
removed from compression chillers’ condensers annual hourly profiles must be taken 
in account to determine if it could be convenient to size the auxiliary system for a load 
different from the peak one. 
This problem complexity is due to the particular application of the solar absorption system: 
there is not a fixed temperature to be maintained neither the necessity to always cover the 
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cooling load, as in conventional applications of these systems; the optimal solution will be 
determined from system’s economical performances. The choice of absorption chillers size 
then becomes a key factor, as it indirectly determines the sizes of all other components; 
furthermore, limits given by the technical characteristics of the chosen H2O-LiBr technology 
must be taken in account. 
Based on the results of the previous section, the best choice to maximize theoretical energy 
savings is to set the condensation temperature to the lowest possible. Relative decreases in 
the value of this parameter moving from 10°C to 25°C range from about -15% to -40% and 
from about -20% to -60%, for compression chillers group G2 and G3 respectively.  
In terms of heat to be removed from compression chillers’ condensers, then of auxiliary 
system’s cooling load, the lowest condensation temperature does not correspond to the one 
that minimize it in the analyzed range from 10°C 25°C: it depends from compression chillers 
group’s characteristics. Anyway, relative variations in the value of this parameter moving from 
10°C to 25°C are negligible and range from about 0.05% to -2.5% and from about -1% to -5% 
for compression chillers group G2 and G3 respectively.  
Then, based on the previous observations, has been concluded that a condensation 
temperature of 10°C would be the optimal for both of the compression chiller’s groups. 
Yazaki absorption chillers have been chosen for the auxiliary system in this work: this company 
provides single stage LiBr-H20 chillers with a cooling capacity from 35.2 kW to 175.8 kW and 
suitable to work in parallel to cover a wider range of cooling loads [8].  
It should be noted that the lower limit for the chilled water temperature supplied by these 
absorption chillers is 5.5°C and the upper limit for the chilled water returning from the load is 
19.5°C; out of this range the system formed by absorber and generator can’t work properly. 
Also a temperature difference of 5.5°C between supplied and returning chilled water 
represents a necessary condition to guarantee the operation of the system and not a choice. 
In the optimal working conditions these absorption chillers supply water at a set point 
temperature of 7°C. 
 
Figure 2.14 - Temperature limits on the chilled water supplied to the load and returning from it for LiBr-H20 
absorption chillers 
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Considering these temperature limits, the identified optimal condensation temperature of 
10°C can’t be attained: as a minimum chilled water can be supplied at 5.5°C and returns to the 
chiller at 11°C, anyway in these conditions the cooling capacity of the chiller itself would be 
limited (this fact will be explained in the following of this work, considering the characteristic 
curves of the chiller). Supplying chilled water at the set point temperature of 7°C it returns to 
the chiller at 12.5°C, with a 5.5°C of thermal difference expected for the thermal exchange; 
using an high efficiency heat exchanger a minimum condensation temperature of 15°C can be 
reasonably attained, with a pinch point of 2.5°C. 
To conclude, the condensation temperature of compression chiller’s groups using the auxiliary 
solar absorption system have been fixed to 15°C. The main parameters which identifies the 
expected energetic and economical performances, load characteristics are summarized in the 
following table.  
 G2 G3 
TES (kWh) 106171.99 17898.52 
TES (% on electrical consumption) 27.01 16.90 
TCes (€) 22327.97 3764.06 
Qcond,aux,max (kWh) 437.29 108.03 
Qcond,aux,mean (kWh) 180.22 46.63 
Table 2.15 - Summary of the main parameters which identifies the expected energetic and economical 
performances of the auxiliary solar absorption system at the identified optimal condensation temperature for 
compression chillers group G2 and G3 
Taking in account theoretical energy savings and auxiliary system’s load annual hourly profiles 
clearly results that both of these are concentrated in summer season; this can be explained 
considering that both variables directly depends from the hourly electrical consumption 
values, then they have a similar trend to it. 
 
Figure 2.15 - Annual variation of the theoretical energy savings for compression chillers groups G2 and G3 (with 
hourly discretization) 
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Figure 2.16 - Annual variation of the load of the auxiliary solar absorption system for compression chillers 
groups G2 and G3 (with hourly discretization) 
Monthly theoretical energy savings of both compression chillers groups G2 and G3 are highly 
concentrated from April to October, which represent the 86.80% and the 81.72% of total 
annual theoretical energy savings for G2 and G3 respectively; considering only months from 
June to August they represent the 47.68% and the 43.26% of total annual for G2 and G3 
respectively.  
 
  TES (kWh) TES (%) 
Month G2 G3 G2 G3 
Jan  2496.26 618.82 2.35 3.46 
Feb 1543.92 418.94 1.45 2.34 
Mar  4143.45 880.91 3.90 4.92 
Apr 7053.90 1275.03 6.64 7.12 
May 12119.37 1956.14 11.41 10.93 
Jun 14143.73 2212.36 13.32 12.36 
Jul 18221.17 2762.85 17.16 15.44 
Aug 18259.87 2767.97 17.20 15.46 
Sep 12164.69 1950.72 11.46 10.90 
Oct 10198.93 1702.24 9.61 9.51 
Nov  4546.64 927.62 4.28 5.18 
Dec 1280.05 424.93 1.21 2.37 
Table 2.16 - Monthly theoretical energy savings for compression chillers groups G2 and G3 
Based on these results, it has been confirmed that the most profitable solution is to size the 
auxiliary solar absorption system to work during summer months, then close to the peak 
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values of the cooling load. Furthermore, have a system sized on summer load make possible 
its operation also during winter; on the contrary, a system sized on winter load would not 
operate during summer. Whatever the size, a solar absorption system it’s also expected to 
work more efficiently during summer due to the higher solar energy availability. 
System load has been defined without considering the characteristics of the heat exchange 
between the chilled water supplied from the absorption chiller and the working fluid of the 
compression chillers group. The load of the absorption chiller matches the heat to be removed 
from the of compression chillers groups at the condensing temperature of 15°C, as if a 
constant effectiveness heat exchanger with unitary efficiency has been used to interface the 
two sub-systems. 
Observed the consistent differences in the theoretical energy savings and in the heat to be 
removed from condensers of compression chillers groups G2 and G3, it has been decided to 
analyze the possibility to install both separate auxiliary solar absorption systems for G2 and 
G3 both a same auxiliary system for G2 and G3. 
The type and the optimal number in parallel of Yazaki chillers have been determined for each 
of the analyzed compression chillers groups’ systems: 2 WFC-SC50 for G2, 1 WFC-SC30 for G3 
and 3 WFC-SC50 for G2+G3. These solutions have been found analyzing the load cumulative 
curves, considering that it has no sense to size a system on its maximum values of cooling load 
if these values occur only few times during the year. With this criterion has been found that 
the systems chosen could guarantee a coverage of the load in the 94.25%, 99.88% and 99.88% 
for G2, G3 and G2+G3 respectively. Furthermore, these results are based on absorption 
chillers’ nominal cooling capacity which is smaller than the maximum that can be guaranteed 
using appropriate chiller regulation strategies (details will be discussed in the following of this 
work). The “second choice” solutions are also shown in table and graphs: these have been 
excluded as they would guarantee a similar coverage of the load but with an higher capital 
cost of the absorption chillers (except considering G3, for which instead the load coverage 
would be rather less). 
Group G2 G3 G2+G3 
Absorption chillers 
2 WFC-
SC50 
4 WFC-
SC30 
1 WFC-
SC20 
1 WFC-
SC30 
4 WFC-
SC30 
3 WFC-
SC50 
Qchi (kWh) 351.60 422.40 70.30 105.60 422.40 527.40 
% Qchi/Qload,max 80.42 96.61 64.49 96.87 77.33 96.56 
% Qload cover 94.25 99.87 75.33 99.88 92.28 99.88 
Table 2.17 - Determination of the type and of the optimal number of Yazaki absorption chillers in parallel for each analyzed 
compression chillers groups’ system 
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Figure 2.17 - Comparison of  the load cumulative and of the cooling capacity of the identified absorption chillers 
choice possibilities for compression chillers group G2 
 
 
 
 
Figure 2.18 - Comparison of  the load cumulative and of the cooling capacity of the identified absorption chillers 
choice possibilities for compression chillers group G3 
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Figure 2.19 - Comparison of  the load cumulative and of the cooling capacity of the identified absorption chillers 
choice possibilities for compression chillers groups’ system G2+G3 
0
1000
2000
3000
4000
5000
6000
7000
8000
0 100 200 300 400 500
Ti
m
e 
(h
)
Hourly load (kWh)
G2+G3
Load cumulative
4 WFC-SC30
3 WFC-SC50
 59 
 
3 MODELIZATION OF THE SOLAR ABSORPTION SYSTEM 
3.1 System layout and general assumptions 
In the present study it has been decided to analyze the performances of installing a similar 
solar absorption chiller system as auxiliary for compression chillers group G2, G3 and G2+G3; 
its components and layout are the same in the 3 cases, only the system size is different. It 
must be remembered that this choice derives from the observed consistent differences in the 
theoretical energy savings and in the heat to be removed from condensers of compression 
chillers groups G2 and G3. 
As discussed, the chosen H20-LiBr absorption chiller technology can be coupled both to flat 
plate collectors (FPC) both to evacuated tube collectors (ETC); the convenience of one solution 
over the other can’t be established a priori, therefore both possibilities must be evaluated 
trough a simulation of the entire solar absorption system’s performances. 
The complete solar absorption system is modeled using TRNSYS software [9], which is a quasi-
steady simulation model. The program consists of many subroutines, called Types, that model 
system’s components using mathematical models based on ordinary differential or algebraic 
equations; each component is represented as a box, which requires a number of constant 
parameters and time dependent inputs and produces time dependent outputs. Past model 
validation studies, conducted in order to determine the degree to which TRNSYS serves as a 
valid simulation program for a physical system, shown that the software provides results with 
a mean error between the simulation results and the measured results on actual operating 
systems under 10% [5]. 
Installed and simulated solar cooling systems found in literature [10]–[17], have been taken 
in account as examples to define the basic layout of the present study’s solar absorption chiller 
system, its components and their relative connections. It is important to remember that the 
system analyzed in this study is designed for a very specific application and has particular 
characteristics compared to the most common installations of solar absorption systems for air 
conditioning. 
The TRNSYS model built for the auxiliary solar absorption system analyzed in the present study 
is shown in the following figure (also the input data processing components and the output 
data generators are shown); in this scheme FPC collectors are modeled, using ETC is just 
necessary to replace the solar collectors Type. 
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Figure 3.1 – TRNSYS model built for the auxiliary solar absorption chiller modelization  
The system is composed by two principal subsystems: the solar collectors loop and the 
absorption chiller loop, bounded together by an hot water storage tank. Furthermore, an 
indirect configuration has been used to connect the solar collectors with the hot storage tank, 
via an heat exchanger, to prevent freezing problems. 
It has been decided to don’t take in account the installation of an auxiliary hot backup system: 
as discussed, there is not the necessity to always cover the cooling load with the solar 
absorption system. The best effect an hot backup system could have would be to stabilize the 
functioning of the absorption chiller in the eventuality of sudden solar radiation shortage and 
slightly extend operation hours of the absorption chiller after the sunset, when the available 
energy in the tank would be neither negligible neither sufficient to match the load and good 
energy savings would be still achievable; however, these increases in system efficiency and 
operation stability are not expected to be worth the additional capital and operating costs of 
the hot backup system. 
It has been decided to don’t take in account neither the installation of a cold backup system 
neither of a cold storage tank. The reason of the former decision is that, taking in account the 
solar absorption system purpose, installing a cold backup system would be equivalent to 
install a compression chiller in cascade to another and it is a senseless choice from a 
thermodynamic point of view (furthermore, the chosen absorption chiller’s cooling capacity 
is almost equal to the peak load); the reason of the latter decision is that the installation of a 
cold storage tank is not strictly necessary as the hot storage tank can guarantee solo sufficient 
flexibility and operation stability to the absorption chiller. 
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Assumptions regarding specific system components’ modeling are discussed in the 
corresponding sections; general assumptions inherent the complete system modeling are 
listed here: 
- Changes of kinetic and potential energy of fluids streams have been considered 
negligible, these are not modeled in TRNSYS environment; 
- Variations with temperature of thermodynamic proprieties of fluids circulating 
through the various loops have been assumed to be negligible, this effect is not 
modeled in TRNSYS environment; 
- Pipelines connecting various components have not been modeled, this because the 
definition of system’s piping layout and characteristics are beyond the present study 
purpose; 
- Neither inertial effects neither pressure drops in the system components have been 
taken in account, these are not modeled in TRNSYS environment; 
- Pumps have not been modeled using catalogs data, they have been used only to 
impose the necessary flowrates through the various loops, without taking in account 
their power consumption. Furthermore, pumps have been assumed to be ideal: overall 
efficiency is unitary, then there is not heat transfer to the working fluid; 
- Pumps starting and stopping characteristics are not modeled in TRNSYS environment; 
- The storage tank and the heat exchanger are kept indoors; 
- Controllers energy consumption is not modeled in TRNSYS environment; 
- A time step of 1 hour has been considered for all simulations as sufficient to achieve a 
realistic esteem of the solar absorption system annual performances and to the 
convergence of components mathematical models’ equations.  
3.2 TRNSYS Type’s short description 
A short description of the mathematical models of the most relevant Types used in the solar 
absorption system is supplied in this section. 
3.2.1 Flat plate solar collectors (Type 1c) 
Type 1c assumes that the thermal efficiency as a function of the ratio of fluid temperature 
minus ambient temperature to radiation (ΔT/IT) can be modeled as a quadratic equation.  The 
user must provide results from standard tests of efficiency versus a ΔT/IT. 
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The fluid temperature may be an inlet, average or outlet temperature. If the coefficients are 
given in terms of the average or the outlet temperature, correction factors are applied. 
Collector tests are generally performed on clear days at normal incidence so that the 
transmittance-absorbance product (τα) is nearly the normal incidence value for beam 
radiation (τα)n. The intercept efficiency FR (τα)n is corrected for non-normal solar incidence by 
the factor (τα)/(τα)n. For flat-plate collectors, this ratio can be approximated from ASHRAE test 
results as: 
 
The values of (τα)b/(τα)n versus θ are supplied in an external data file but the collector is 
assumed to be symmetrical so only one direction is provided in the data file. 
Others analytical corrections are applied to the collector parameters to account for: 
Operation at flow rates other than the value at test conditions; 
Number of identical collectors mounted in series. 
The total collector array may consist of collectors connected in series and in parallel.  
3.2.2 Evacuated tube solar collectors (Type 71) 
Type 71 models evacuated tube solar collectors using a quadratic efficiency curve and biaxial 
Incidence Angle Modifiers (IAM). The thermal model is identical to the one used in Type 1c; 
the optical model is also similar but uses a more general expression for (τα)/(τα)n: 
 
Furthermore, evacuated tube collectors are optically non-symmetric; the model requires 
biaxial IAM (τα)b/(τα)n to be provided in an external data file. The longitudinal incidence angle 
is measured in a plane that is perpendicular to the collector plane and contains the collector 
azimuth; the corresponding IAM is referred to as the longitudinal IAM, or altitude modifier. 
The transversal incidence angle is measured in a plane that is perpendicular to both the 
collector aperture and the longitudinal plane; the corresponding IAM is referred to as the 
transversal IAM, or azimuthal modifier. 
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Figure 3.2 – Individuation of the characteristic directions and angles of orientation of ETC 
In most cases, collector test reports provide the transversal IAM for different transversal 
incidence angle values (and longitudinal angle = 0) and longitudinal IAM for different 
longitudinal incident angles (and transversal angle = 0). The data file requires the IAM for non-
zero longitudinal and transversal angles, then the IAM for any θl and θt can be approximated 
by multiplying IAM(θl, 0) and IAM(0, θt). 
The principle of the data file is that the first line gives the values of the 2 independent variables 
(transversal and longitudinal incident angles) that will be used in the “IAM map”, then the 
dependent variable (IAM) is provided for all values of the independent variables. The values 
of the last independent variable (longitudinal angle) are first cycled through, then the first 
independent variable (transversal angle).  
3.2.3 Constant effectiveness heat exchanger (Type 9) 
Type 91 models a zero capacitance sensible heat exchanger as a constant effectiveness device 
that is independent of the system configuration. The maximum possible heat transfer rate is 
calculated based on the minimum capacity rate fluid and the cold and hot side fluid inlet 
temperatures.  
 
Figure 3.3 – Schematization of an heat exchanger  
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Practically the heat exchanger’s effectiveness and inlet fluids conditions are provided; then 
the model determines whether the cold (load) or the hot (source) side is the minimum 
capacitance side and calculates the heat transfer; finally, the heat exchanger outlet conditions 
are computed.  
The capacitance of each side of the heat exchanger is calculated according to the following 
equations: 
 
The following expressions are used to determine the maximum possible amount of heat 
transfer: 
 
The actual heat transfer then depends upon the user specified effectiveness: 
 
Lastly, heat exchanger outlet conditions are calculated for the two flow streams: 
 
3.2.4 Stratified fluid storage tank (Type 4a) 
Using Type 4a the thermal performance of a fluid-filled sensible energy storage tank, subject 
to thermal stratification, can be modeled by assuming that the tank consists of N fully-mixed 
equal volume segments. The degree of stratification is determined by the value of N; if N is 
equal to 1, the storage tank is modeled as a fully-mixed tank and no stratification effects are 
possible. Also unequal size nodes can be considered by specifying the height of each of them. 
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Figure 3.4 – Schematization of a stratified fluid storage tank of N fully mixed nodes 
Heat loss coefficient is assumed to be constant in the tank height despite thermal stratification 
effects. 
Optionally two electric resistance heating elements can be included, these can be subject to 
temperature and/or time control.  Moreover, the model allows to take in account of losses to 
the exhaust flue of an if one of these in-tank auxiliary heaters is considered to be gas fired. 
Fixed inlets and outlets for the flow streams are considered: the load flow enters at the bottom 
of the tank and the hot source stream at the top of the tank (enters just below the auxiliary, 
if present).  
A pressure relief valve has been added to the storage tank to account for boiling effects. The 
boiling temperature of the fluid must be specified; eventually venting will release sufficient 
energy to keep the tank at the boiling temperature but the loss of mass due this phenomenon 
is neglected. 
An hypothesis employed in this model is to assume that the fluid streams flowing up and down 
from each node are fully mixed before they enter each segment. As shown, this implies that 
m1 is added to m4, m2 is added to m3, and a resultant flow, either up or down, is determined.  
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Figure 3.5 – Schematization of the mass transfers among the adjacent nodes of the storage tank 
The energy balance on the i-th segment is then: 
 
The temperatures of each of the N tank segments are determined by the integration of their 
time derivatives expressed in the above equation. At the end of each time-step, temperature 
inversions are eliminated by mixing appropriate adjacent nodes. Energy flows and change in 
internal energy are calculated as follows: 
 
3.2.5 Single effect hot water fired absorption chiller (Type 107) 
Type107 uses a catalog data lookup approach to predict the performance of a single effect, 
hot water fired absorption chiller. In this design, the heat required to desorb the refrigerant 
is provided by a stream of hot water. The energy of the refrigerant absorption process is 
rejected to a cooling water stream and the machine is designed to chill a third fluid stream to 
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a user designated set point temperature. Because of the catalog data lookup approach, 
Type107 is not applicable over every range of inlet conditions. As with other components that 
rely on catalog data, the performance of the machine can be predicted and interpolated within 
the range of available data but cannot be extrapolated beyond the range. One beneficial 
feature to this model is that the data, taken directly from manufacturer’s catalogs available 
online is normalized so that once a data file has been created, it may be used to model 
absorption machines other than the specific size for which the data was intended. In creating 
example data files for distribution with this component, the developers noted that there was 
very little variability between data files once they were normalized. Using normalized data 
and the model’s first two parameters (design coefficient of performance and design capacity) 
the user can adjust the size of the machine being modeled to whatever is appropriate to the 
system being simulated. 
Type107 requires a single data file, which is to be specified in the standard TRNSYS data format 
for the Dynamic Data subroutine. The file contains values of normalized fraction of full load 
capacity and fraction of design energy Input for various values of fraction of design load, 
chilled water set point temperature (°C), entering cooling water temperature (°C) and entering 
hot water temperature (°C). Upon determining that the absorption chiller is ON based on the 
value of the control signal, Type107 first determines the fraction of design load at which it 
must operate first by calculating the amount of energy that must be removed from the chilled 
water stream in order to bring it from its entering temperature to the set point temperature: 
 
 
The required energy removal is then divided by the machine’s capacity to determine the 
fraction of design load at which the machine is required to operate.  
 
Type107 then calls the TRNSYS Dynamic Data subroutine with the user specified hot water 
inlet temperature, cooling water inlet temperature, chilled water set point temperature, and 
fraction of design load. Dynamic Data reads the user specified data file and returns values of 
the fraction of the machine’s rated capacity that is available given the hot water entering 
temperature. This reduced capacity is called the nominal capacity as opposed to the rated 
capacity. The capacity of the machine at any given time, therefore is given by: 
 
 
Dynamic Data also returns the machine’s fraction of design energy Input for the current 
conditions. When operating at rated capacity, the design energy Input must be provided to 
the chiller in order for it to operate. When the chiller is running at part load, only a fraction of 
the design energy Input is required. With this value returned by Dynamic Data, the energy 
delivered to the chiller by the hot water stream can be calculated as: 
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The hot water stream outlet temperature is: 
 
 
The chilled water outlet temperature, which should be the set point temperature but may be 
greater if the machine is capacity limited, is then calculated: 
 
In order for energy to balance in the device, the energy rejection to the cooling water stream 
is given by: 
 
 
 
The term Qaux accounts for the energy consumed by the various parasitics in the system such 
as solution pumps, fluid stream pumps, controls. The auxiliary energy requirement of the 
device is specified among the model’s parameters. Type107 assumes that the entire auxiliary 
energy requirement is used whenever the device is in operation, regardless of whether or not 
it is operating at full capacity. 
Lastly, the temperature of the exiting cooling water stream can be calculated: 
 
 
The device COP is defined as: 
 
3.2.6 Differential controller (Type 2b) 
This controller generates a control function γο that can have values of 0 or 1. The value of γο is 
chosen as a function of the difference between upper and lower temperatures, TH and TL, 
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compared with two dead band temperature differences, ΔTH and ΔTL. The new value of γ0 is 
dependent on whether γi = 0 or 1.  
 
Figure 3.6 – Schematization of the output control signal from the differential controller 
The controller is normally used with γ0 connected to γi, giving a hysteresis effect. For safety 
considerations, a high limit cut-out is included: regardless of the dead band conditions, the 
control function will be set to zero if the high limit condition is exceeded.  
Mathematically, the control function is expressed as follows: 
 
3.3 System’s components modeling 
3.3.1 Meteorological data processing 
Meteorological data available are temperature (°C), total solar irradiation on horizontal 
surface (W/m2), relative humidity (%) and wind velocity (m/s); these are given for a whole year 
on hourly basis.  
Data are read from an external data file using Type 9e and are supplied to Type 16, the solar 
radiation processor, which calculates the complete set of variables necessary as input to the 
solar collectors. The mathematical model used in this subroutine divides the total horizontal 
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radiation in its beam and diffuse components, then the total radiation for the specified tilted 
surface is calculated; radiation data can be also interpolated in time interval other than one 
hour, using the curve for extraterrestrial radiation to relieve from problems which could derive 
from linear interpolation, as having positive radiation values before sunrise and after sunset. 
In radiation processor needs to be specified the solar collectors’ orientation. These have been 
oriented facing the south direction, then the azimuth angle is set to 0°. The tilt angle chosen 
is 37.7°, the one that is expected to maximize the solar energy collected annually: it has been 
found in NASA’s available tables for surface meteorology and solar energy [18]; data are 22-
years averages and are given for Foligno by specifying its coordinates (latitude of 42.93° and 
longitude of 12.7°).  
Optimal tilt (°) 
Jan 65 
Feb 55 
Mar 43 
Apr 25 
May 13 
Jun 5 
Jul 11 
Aug 21 
Sep 37 
Oct 51 
Nov 61 
Dec 67 
Annual 37.7 
Table 3.1 – Monthly and annual value of the optimal tilt angle for the solar collectors at the specified 
coordinates 
Also the ground reflectance factor has been found among these data, and its annual mean 
value has been assumed as representative for all the year: 
Ground reflectance 
Jan 0.14 
Feb 0.16 
Mar 0.16 
Apr 0.18 
May 0.21 
Jun 0.2 
Jul 0.19 
Aug 0.18 
Sep 0.16 
Oct 0.15 
Nov 0.15 
Dec 0.13 
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Annual 0.16 
Table 3.2 – Monthly and annual value of ground reflectance at the specified coordinates 
3.3.2 Solar collectors loop  
Flat plate collectors selected are the model “Cobralino AK 2.8 V” from the manufacturer 
“Soltop Schuppisser AG” [19]; evacuated tube collectors selected are the model “Vitosol 300-
T SP3B-24” from ”Viessmann Werke GmgH & Co. KG” [20]. Both models are among the highest 
performing in their respective categories. 
Detailed performance parameters of the solar collectors have been found in “The Solar 
Keymark Database” [21]; their values have been calculated experimentally by the most 
accredited laboratories among Europe, according to UNI EN 12975. As provided in this 
legislation, the efficiency curve parameters are referred to the average temperature of the 
fluid circulating in the collectors and to their aperture area. 
Type 1c is used to model FPC, Type 71 is used to model ETC; the former uses mono-directional 
incidence angle modifiers, the latter uses bi-directional incidence angle modifiers which in 
both cases are read from an external data file. 
FPC  ETC 
Aperture area 2.471 m2  Aperture area 3.19 m
2 
n0 0.838 -   n0 0.769  - 
a1 3.84 W/m2K  a1 1.256 W/m
2K 
a2 0.0099 W/m2K2  a2 0.005 W/m
2K2 
Tested flow rate 
(mtest) 0.024 kg/m2s  
Tested flow rate 
(mtest) 0.02 kg/m2s 
Table 3.3 – Overview of the parameters of FPC and ETC essential to their modelization in TRNSYS 
 
Figure 3.7 – Comparison of efficiency curves of FPC and ETC 
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FPC  ETC 
Angle (°) IAM(θ)  Angle (°) IAM(θt) IAM(θl) 
0 1  0 1 1 
10 1  10 1 1 
20 1  20 0.99 0.99 
30 1  30 1.02 0.98 
40 0.99  40 1.02 0.96 
50 0.96  50 1.02 0.92 
60 0.89  60 0.95 0.86 
70 0.72  70 0.7 0.74 
80 0.4  80 0.35 0.38 
90 0  90 0 0 
Table 3.4 – Incidence angle modifiers of FPC and ETC 
 
Figure 3.8 - Incidence angle modifiers of FPC 
 
Figure 3.9 – Transversal and longitudinal incidence angle modifiers of ETC 
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Orientation choices of the solar collectors field have been discussed in the previous section. 
Total area of the solar collector field (Acoll) and number of collectors in series (nseries) are 
varied in the simulations as optimization parameters.  
To prevent freezing, when the ambient temperature goes below 0°, has been chosen to use 
as heat exchange fluid in solar collectors a solution of propylene glycol-water 20%-80% in 
mass: the minimum annual temperature in Foligno reaches about -6°C and the chosen mixture 
freezes at -8°C. Otherwise, the boiling point of this mixture is of 100.5°C, practically the same 
of pure water. 
The thermodynamic proprieties of the solution have been supposed to be the same of pure 
water; the influence on the simulation results of specific heat and density variations caused 
by the presence of propylene glycol in water has been assumed to be negligible, this is a 
reasonable hypothesis as reported by [22], [23]. 
Propylene-glycol in mass (%) 
0 10 20 30 40 
Freezing point (°C) 
0 -3 -8 -14 -22 
Boiling point (°C) 
100 100 100.5 102.22 103.89 
Specific heat (kJ/kgK) 
4.19 4.10 3.94 3.68 3.30 
Density (kg/m^3) 
1000 1008 1017 1026 1034 
Table 3.5 – Thermophisical proprieties of propylene-glycol and water mixtures 
The use of propylene glycol-water as solar collectors’ fluid leads to the necessity to have an 
heat exchanger to heat up the water contained in the storage tank. This component is 
modeled with Type 91, without considering its actual geometry but using a constant 
effectiveness mathematical model. Effectiveness is assumed to be 0.8, a common value for 
commercial heat exchangers that allows to maximize exchanged heat with reasonable costs, 
as reported in [22]; it is possible to increment further the heat exchanger efficiency, but it is 
necessary to increment the equipment dimensions and there are upper technical limits to the 
values reachable by this parameter. 
This indirect configuration leads unavoidably to a degradation in the temperature level 
attainable in the hot water tank compared to a direct system, in which water taken from the 
bottom of the storage is circulated through the solar collectors to the top of the tank; this 
phenomenon can’t be avoided neither modifying the ratio between the flowrate circulating 
through solar collectors and the flowrate circulating through the heat exchanger sub-loops, 
indicated in the following as primary and secondary circuits respectively. The best choice is to 
have the same flowrate both in primary both in secondary sub-loops, equal to the optimal 
flowrate for the solar collectors’ operation; this situation can be considered as base case to 
theoretically study the effects of eventual flowrates variations in the two circuits. Decreasing 
the flowrate in the secondary limit the maximum heat exchange whit the primary as, assumed 
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the same specific heat for propylene glycol-water mixture and water, the maximum heat 
exchange depends on the minimum flowrate and there are no advantages on the outlet 
temperature from the heat exchanger itself; increasing the flowrate in the secondary, the 
flowrate in the primary becomes the limiting factor to the maximum heat exchange, and the 
outlet temperature from the heat exchanger decreases. Decreasing the flowrate in the 
primary the outlet temperature from solar collectors increases, as these are oversized for the 
new flowrate, but the collected solar energy decreases, then in the secondary the outlet 
temperature from the heat exchanger decreases; increasing the flowrate in the primary the 
collected solar energy decreases, moving away from the optimal working conditions for the 
solar collectors, then the outlet temperature from solar collectors itself decreases. 
Pumps are modeled as single speed pumps to impose the desired flowrates, using Type 114. 
The propylene glycol-water mass flow rate in the primary (mcoll) has been calculated as the 
product of the total collectors’ field area and of the tested flowrate per m2, divided by the 
number of collectors in series; in this way the flowrate circulating through each solar collectors 
is equal to the tested flowrate, expected to be the one which maximize the collected solar 
energy. The same mass flowrate has been considered as optimal also for the secondary (mhx), 
as previously discussed. 
𝑚𝑐𝑜𝑙𝑙 =  
𝐴𝑐𝑜𝑙𝑙 ∙ 𝑚𝑡𝑒𝑠𝑡
𝑛𝑠𝑒𝑟𝑖𝑒𝑠
 
𝑚ℎ𝑥 =  𝑚𝑐𝑜𝑙𝑙 
A differential controller, modeled with Type 2b, is used to switch on the pumps when the 
temperature difference between the fluid exiting from the collectors and the fluid withdrawn 
from the bottom of the storage is greater than 7°C, the flow circulation is stopped when this 
difference become lower than 3°C or the collectors’ fluid temperature reaches the boiling 
point. The described strategy is commonly used in solar absorption system as can be found in 
[4], [15], [16], [23], [24]: firstly, it prevents heat losses from the collectors to the ambient when 
the radiation is too low to have a temperature increment; secondly, the hysteresis window 
limits the number of on-off cycles of circulation pumps. Furthermore, an high cut off limit has 
been included in the control strategy to shut off the circulation if the top tank temperature 
becomes greater than 95°C, the upper temperature limit for the correct operation of the 
absorption chiller.  
It should be noted that the upper limits on the outlet temperature from the solar collectors 
and on the top tank temperature, monitored by the control system, indirectly limits also the 
optimal number of collectors in series; anyway the mutual influence of these two factors is far 
too complex to be discussed generically.  
Other assumptions that have been necessary to model solar collector subsystem are: 
- No limitations on the area available for the installation of the collectors;  
- No collectors shading problems; 
- No wind velocity effect on the heat dispersed from the collectors, this phenomenon is 
not modeled in TRNSYS environment; 
- Capacitance neither of collectors neither of heat exchanger is modeled in TRNSYS 
environment; 
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- Heat exchanger has been assumed to have negligible heat losses, these are not 
modeled in TRNSYS environment; 
3.3.3 Heat storage tank  
As discussed previously, an hot storage tank containing water to store as sensible heat the 
collected solar thermal energy is essential to the analyzed absorption chiller system’s 
operation. This component is modeled using Type 4a: it has been assumed to be constituted 
by 10 fully mixed equal volumes of fluid, to model thermal stratification, and to have an 
uniform heat loss coefficient of 0.8 W/m2K, to model heat dispersions. 
Values in the range from about 0.8 W/m2K to 11 W/m2K for the heat loss coefficient represents 
levels of insulation from a well-insulated tank to an almost uninsulated one, as reported by 
[10]. A well-insulated tank has been considered as this choice has not a big effect on system’s 
capital cost compared to install one with worse insulation characteristics and as is 
fundamental to limit heat losses to enhance the overall efficiency of the solar absorption 
system. Beyond a waste of useful energy, excessive heat losses from the tank can result in the 
disruption of the eventual thermal stratification due to the transfer of heat between layers.  
The volume of the tank (Vst) is varied in simulations as an optimization parameter. The ratio 
between the height of the tank and its diameter, also called aspect ratio (AR), has been fixed 
to 3.5 as recommended in [25], [26]; it has been observed that as the value of the aspect ratio 
increases thermal stratification effects improve but, over a certain limit, the increment of heat 
losses due to the larger heat transfer surface nullifies this beneficial effect. Taking in account 
these aspects, the height of each n-th fluid volume (Hn) have been calculated as: 
𝐻𝑛 =
(
4𝑉𝑠𝑡 ∙ 𝐴𝑅2
𝜋 )
1
3
𝑛
 
The inlet of the hot water from the heat exchanger and the outlet of the hot water to the 
absorption chiller are situated at the top of the tank; the outlet of the “cold” water to the heat 
exchanger and the inlet of the “cold” water returning from the absorption chiller are situated 
at the bottom of the tank. 
A pressure relief valve is incorporated in the storage model and, if the water boiling 
temperature is reached inside the tank, the excess energy is discarded from the system; mass 
losses due to this eventuality are assumed to be negligible in TRNSYS environment. Anyway, 
as seen, the solar collectors loop’s control system has been set to avoid the arising of this 
eventuality. 
It should be noted that the storage tank is the only component of the system which model is 
characterized by thermal inertia: it limits inferiorly the simulation time-step and the tolerance 
values needed to the convergence of the system’s equations. 
Other assumptions that have been made to model the storage tank are: 
- Heat losses from the storage tank have been calculated as it is kept outdoors (using 
the external as the environment temperature); 
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- The storage is mounted in vertical orientation to enhance thermal stratification. 
3.3.4 Absorption chiller loop 
In the present study Yazaki absorption chillers have been modeled using the data available in 
the technical documentation supplied from the manufacturer [8]. The main parameters which 
characterize the operation under nominal working conditions of these machines are shown in 
the following table. 
 
Figure 3.10 – Technical data sheet of Yazaki absorption chillers 
Furthermore, in the technical documentation is also specified that: 
- Electrical power consumption is for the chiller’s internal circulation pump only; 
- The flow rates of chilled water and cooling water must be stable; 
- The allowable flow rates changes are: for supply hot water from 80% to 120% of the 
nominal, for cooling water from 100% to 120% of the nominal. 
Performance curves of the model WFC-SC30 have been presented to analyze the behavior of 
the chiller under working conditions different from the nominal; it should be noted that 
various chiller models’ performance curves are approximately the same. The main factors 
which influence the performance of the absorption chiller are 4: 
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- Hot water inlet temperature: the chiller can work when this temperature is from 70°C 
to 95°C, lower temperatures don’t deliver sufficient heat to the generator and higher 
could cause problems in the generator connected to the water evaporation. When 
increasing the hot water temperature, the cooling capacity and the required heat 
medium input also increase; 
- Hot water flowrate: an increase of this parameter has no effects on the chiller cooling 
capacity, a decrease leads to a lower cooling capacity (as decrease the available 
enthalpy of the heat medium input); 
- Cooling water inlet temperature and flowrate: the chiller can work when this 
temperature is from 24°C to 32°C, the lower temperature limit is dictated by working 
solution crystallization problems in the absorber. When decreasing the cooling water 
inlet temperature, the cooling capacity and the required heat medium input increase; 
instead of decreasing the temperature, the cooling water flowrate can be increased to 
have the same effects (both strategies correspond to an increment of the available 
enthalpy in the cooling water stream);  
- Chilled water outlet temperature: the chiller can supply chilled water in a temperature 
range from 5.5°C to 15.5°C, anyway in normal operation the set point is at 7°C. 
Temperature can be decreased from 7°C but is necessary to decrease also the chilled 
water flowrate, then both the cooling capacity both the COP decrease; temperature 
can be increased from 7°C increasing the chilled water flowrate (or it happen 
spontaneously when the load is above the chiller maximum cooling capacity under 
current conditions), then both cooling capacity and COP remain almost constant. 
Furthermore, the temperature difference between inlet and outlet chilled water must 
be of 5.5°C, whatever the supplied chilled water temperature, for the correct 
operation of the chiller. 
In the real operation of the absorption chiller a microprocessor is deputed to the continuous 
regulation of the operating parameters to achieve the best performances. In other words, the 
operating variables of each heat exchange component are adjusted at each moment so that 
all the machine operating parameters are adjusted with minimal compromise as regards the 
performance and the efficiency of exercise. 
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Figure 3.11 – Performance curves of WFC-SC30 (part 1) 
 
Figure 3.12 – Performance curves of WFC-SC30 (part 2) 
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Figure 3.13 – Performance curves of WFC-SC30 (part 3) 
 
Figure 3.14 – Performance curves of WFC-SC30 (part 4) 
The absorption chiller is modeled using Type 107: instead of considering the real 
thermodynamic cycle of the machine, this model has a black box approach to describe the 
operation of the chiller. An external data file is needed to characterize absorption chiller’s 
performances; these data are normalized, then they may be used to model machines other 
than of the specific size for which the data was intended.  
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The example performance data file provided in TRNSYS for Type 107 is not expendable to 
characterize Yazaki absorption chillers: data are supplied for an hot water temperature range 
from 106°C to 116°C instead of from 70°C to 95°C, then they are referred to chillers of very 
different characteristic from those of the present study. The performance curves of WFC-SC 
30 found on catalogs have been used to reconstruct the necessary external data file; fraction 
of nominal capacity (fnc) and fraction of design energy input (fdei) have been calculated in the 
real operating temperature ranges of hot, cooling and chilled water of this machine. Thanks 
to the normalization of these data, it has been possible to use them to model also WFC-SC 50 
performances, which basically differs from WFC-SC30 only for its size. 
The absorption chiller is connected to three different loops: the hot water loop, the cooling 
water loop and the chilled water loop; only the first of these have been completely modeled. 
In the hot water loop a single speed pump, modeled using Type 114, is used to supply the 
nominal hot water flowrate to the absorption chiller. This component is activated by a 
differential controller, modeled using Type 2b, which switches on the circulation whenever 
the temperature of the hot water in the top of the tank becomes greater than 70°C, the lower 
limit for the absorption chiller operation; it also shuts down the circulation in the eventuality 
that this temperature becomes greater than 95°C, the upper temperature limit fixed for safety 
reasons to the absorption chiller operation (anyway the solar collectors loop’s control system 
is set to prevent the arising of this eventuality). It should be noted that in the real operation 
of the absorption chiller this flow rate must not be necessarily stable, but can be varied from 
the 20% to the 120% of the nominal to modulate the energy input to the chiller. Anyway, is 
not possible to correctly simulate this control strategy both due to Type 107 model limitations 
both due to the lack of catalogs data: it is supplied only the cooling capacity de-rating factor 
using this strategy, but no informations on the COP or on the required heat medium energy 
input are given. To conclude, it has been assumed that the absorption chiller works always 
with the nominal hot water flowrate. 
The cooling water loop has been modeled in a simplified way, without modeling the cooling 
tower: it has been supposed to be constantly supplied to the absorption chiller the nominal 
cooling water flowrate at the temperature of 31°C; this temperature choice both maximizes 
chiller’s COP in the wider range possible of inlet hot water temperatures, both its expected to 
limit cooling tower’s electrical energy consumption (as it is relatively high in the possible 
working temperature range of the chiller’s absorber). To attain to these conditions in a real 
installation is possible either varying the air flowrate through the cooling tower based on the 
inlet cooling water temperature either always maintaining an high air flowrate; in the second 
case the cooling tower can be excluded from the study as a variable parameter affecting the 
system analysis. Furthermore, it should be noted that in real case even with a cooling tower 
sized on the maximum expected load could not be possible to maintain the desired cooling 
water temperature in some circumstances, depending on the meteorological conditions: this 
could result in a penalization of absorption chiller’s performances or, most severely, in an 
undesired limitation to its working hours. 
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Figure 3.15 – Variation of the absorption chiller’s coefficient of performance varying the hot water inlet 
temperature for different fixed cooling water inlet temperatures 
The refrigerated water loop has been modeled in a simplified way: the load has been defined 
imposing to the absorption chiller to supply the necessary hourly flowrate of chilled water at 
the set point temperature of 7°C (Tchi,in), in the heat exchange the nominal temperature 
difference of 5.5°C is attained and the outlet temperature of the chilled water is 12.5°C 
(Tchi,out). Type 9e, the external data reader, has been used to read an external data file 
containing the annual hourly profile of chilled water flowrate (mchi), calculated simply 
dividing the previously reconstructed cooling load by the product of water specific heat (cp) 
and of the temperature difference exploited in the heat exchange: 
𝑚𝑐ℎ𝑖 =  
𝑄𝑐ℎ𝑖
𝑐𝑝(𝑇𝑐ℎ𝑖, 𝑜𝑢𝑡 −  𝑇𝑐ℎ𝑖, 𝑖𝑛)
 
This simplification involves that while the cooling demand is lower than the cooling capacity 
the chiller produces the exact cold quantity to reach the set point, it means to assume that 
the absorption chiller has no minimum cooling power.  
To conclude, the absorption chiller has been modeled to respect the hourly heat and mass 
balances using an on-off regulation strategy in the time sub intervals; this clearly can’t 
represent exactly its real functioning and the predicted values of COP are expected to be 
slightly overestimated. 
It should be noted that the absorption chiller model’s limitations, both inherent to the 
mathematical model itself both connected to lack of complete manufacturer data, have been 
highlighted also in [13]: 
- Neither absorption chiller inertia nor other dynamic effects are modeled in TRNSYS; 
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- Due to the lack of manufacturer data the part load operation can’t be handled 
correctly, thermal COP is assumed to be identical whatever the load; 
- The effect of varying the water flowrate in the three circuits of the absorption chiller 
can’t be modeled because the performance data was generated for only the design 
water flowrates of the three circuits; 
- The heat rejected by the cooling tower computation neglects the component of heat 
rejection that comes from the auxiliary electrical consumption of the chiller (in the 
present study this is not a problem, not having modeled the cooling tower); 
- To be consistent with the reality the temperature levels must stay in the range of the 
manufacturer data, performances are unknown outside these limits. 
3.4 Energy savings and efficiencies parameters 
Type 9e, the external data reader, has been used to read an external data file containing the 
previously reconstructed annual hourly profile of theoretical energy saving (TES(i,j)); then, the 
real annual hourly profile of energy savings (ES(i,j)) has been calculated in TRNSYS simulations 
simply multiplying hourly values of theoretical energy savings with hourly values of absorption 
chiller control signal (CSchi(i,j)): 
𝐸𝑆(𝑖,𝑗) =  𝑇𝐸𝑆(𝑖,𝑗)𝐶𝑆𝑐ℎ𝑖(𝑖,𝑗) 
In this way the energy savings can be related to the real operating conditions of the solar 
absorption system, as energy savings are achieved only when the auxiliary system is working. 
On the contrary, it must be remembered that theoretical energy savings had been calculated 
as the auxiliary system was always working in each time interval. 
Considering the particular characteristics of the solar absorption system application of the 
present study, has not been possible to use for it conventional indexes found in literature to 
characterize the energetic performances of solar absorption systems. Then, to characterize its 
energetic performances and to compare the different solutions analyzed, has been defined 
the adimensional parameter fraction of energy savings (fES): 
𝑓𝐸𝑆 =  
𝐸𝑆
𝑇𝐸𝑆
 
Otherwise, to qualify the energetic performances of singular components of the solar 
absorption system have been used conventional parameters: the solar collector efficiency 
(ncoll), the storage losses factor (floss) and the absorption chiller coefficient of performance 
(COPab). These, in the present study, have been defined as: 
𝑛𝑐𝑜𝑙𝑙 =  
𝑄𝑐𝑜𝑙𝑙
𝑄𝑐𝑜𝑙𝑙, 𝑚𝑎𝑥
 
𝑓𝑙𝑜𝑠𝑠 =  
𝑄𝑙𝑜𝑠𝑠
𝑄𝑐𝑜𝑙𝑙
 
𝐶𝑂𝑃𝑎𝑏 =  
𝑄𝑐ℎ𝑖
𝑄ℎ𝑜𝑡
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With: 
 𝑄𝑐𝑜𝑙𝑙, 𝑚𝑎𝑥 =  𝐼𝑡𝑖𝑙𝑡 ∙ 𝐴𝑐𝑜𝑙𝑙 
Where the new variables introduced are: 
- Qcoll is solar collectors’ useful energy gain; 
- Qcoll,max is solar collectors’ maximum possible energy gain; 
- Itilt is the total solar radiation on tilted surface; 
- Qloss are the thermal energy losses from the storage tank to the environment; 
- Qchi is the energy removed from the chilled water stream by the absorption chiller; 
- Qhot is the energy removed from the hot water stream and supplied to the absorption 
chiller’s generator. 
These performance parameters can be defined taking in consideration whichever temporal 
interval. In the present study annual and monthly values have been taken in account and have 
been calculated in TRNSYS using Type 24, the quantity integrator; the reasons of this choice 
are explained  in the following.
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4  TRNSYS PARAMETRIC ANALYSIS 
4.1 Definition of parameters and of analysis strategy 
A parametric study has been performed to investigate the influence on auxiliary solar 
absorption system energetic performances of its main design parameters. It should be noted 
that this is not a system optimization study, because as previously observed the optimal 
solution must be necessarily found from an economical point of view. 
Solar collector area (Acoll), number in series of solar collectors in each array (nseries) and 
storage volume (Vst) have been identified as the target parameters of this analysis. The 
reasons of this choiche are briefly explained. 
As solar energy is the only energy input of the solar absorption system, solar collector area is 
expected to highly influence the absorption chiller working hours and operation. An increase 
of Acoll is expected to increase the annual working hours of the auxiliary system, then the 
energy savings achievable, but as counterpart also the capital costs of the system. 
Furthermore, solar collector area is also expected to be one of the main influence parameters 
on solar absorption system’s capital costs and the one which variations are the most influent 
on the entire system economical performances. 
The effects of variations of the number in series of solar collectors in each array have been 
taken in account as this parameter is expected to influences solar collectors loop operation 
and performances. It must be remebered that temperature limits are dictated from the solar 
collector’s fluid boiling temperature (100.5°C) and from the upper temperature limit of hot 
water for the correct operation of the absorption chiller (95°C), both monitored by the control 
system. From an annual point of view, a too high value of nseries may frequently increase 
excessively the temperature gain in the solar collectors’ arrays and the control system would 
cut off circulation and limit the working hours of the solar loop and the collected solar energy, 
then the auxiliary system operation and energy savings; a too low value of nseries is not 
expected to be as problematic, it could marginally limit the absorption chiller operation due 
to insufficient temperature rise in the solar collectors during the first hours of the day, 
especially in winter months. Variations of nseries are not expected to be significant for the 
auxiliary system’s capital costs; this parameter influences the necessary flowrate and 
prevalence in the solar collectors loop, then the choiche of pumps, anyway these aspects and 
related costs have not been taken in account in the present study. 
Storage volume is expected to influence both solar collectors’ efficiency both absorption 
chiller’s operation: its dimension determines the thermal capacity of the system and 
influences the average temperature level of the stored hot water. From an energetic point of 
view, the optimal storage volume is expected to be highly related to the solar collector area: 
on equality of Acoll with an high value of Vst, the temperature level of the stored hot water 
required for the absorption chiller operation may be reached every day more slowly but its 
operation is expected to be more stable and prolonged, thanks to the enhancement of 
thermal stratification and to the possibility to store more energy. From an economical point 
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of view, the value of storage volume is expected to marginally influence the capital costs of 
the system compared to the other factors. 
To generalize the present discussion and to compare efficiently the different solutions 
analyzed (using FPC or ETC for the same auxiliary solar absorption system, using the auxiliary 
system for compression chiller’s group G2,  for G3 or for both of them), two new parameters 
have been defined, linking togheter the design parameters taken in account until now. Solar 
collector area has been related to the absorption chiller nominal cooling power (Qchi,nom) 
using the solar collector factor (fcoll), defined as: 
𝑓𝑐𝑜𝑙𝑙 =  
𝐴𝑐𝑜𝑙𝑙
𝑄𝑐ℎ𝑖, 𝑛𝑜𝑚
 
Storage volume has been related to the solar collector area using the parameter storage factor 
(fst), defined as: 
𝑓𝑠𝑡 =  
𝑉𝑠𝑡
𝐴𝑐𝑜𝑙𝑙
 
Then, solar collector factor and storage factor have been varied in the parametric analysis in 
substitution to Acoll and Vst respectively. 
For fcoll, nseries and fst have been considered 10, 4 and 5 different values respectively; their 
variation ranges have been chosen similarly to the examples of solar absorption sytems found 
in literature.   
Performances of the auxiliary solar absorption system using FPC or ETC have been compared 
to analyze if there is any economic profitability in using more efficient but more expensive 
solar collectors. Being in general, under equal working conditions, FPC characterized by lower 
efficiency values compared to ETC, in the first case the lower and upper limits of fcoll variation 
range have been increased; on the contrary, the same range of values have been considered 
both for nseries both for fst. 
FPC 
fcoll (m2/kWc) 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75 4 
nseries 2 3 4 5            
fst (m3/m2) 0.005 0.01 0.015 0.02 0.025           
Table 4.1 – Values of each design parameter varied in the parametric analysis for each auxiliary solar 
absorption system taken in account (using FPC) 
ETC 
fcoll (m2/kWc) 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 
nseries 2 3 4 5            
fst (m3/m2) 0.005 0.01 0.015 0.02 0.025           
Table 4.2– Values of each design parameter varied in the parametric analysis for each auxiliary solar absorption 
system taken in account (using ETC) 
Results of the auxiliary solar absorption system sized for the compression chillers group G2 
have been assumed to constitue the base case for the study of the energetic performances of 
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the analyzed solutions. The influence of the design parameters variations (fcoll, nseries, fst) 
on the investigated system performance parameters (ncoll, floss, COPab, fES) has been 
extensively discussed in this case; the observed behaviours have been found to be extendable 
also to the other cases (G3, G2+G3). This can be justified considering that the auxiliary solar 
absorption systems have the same layout characteristics in each case and all the design 
parameters have been generalized and varied in the same ranges; the only differences among 
auxiliary systems sized for G2, G3 and G2+G3 are the components size and the chilled water 
load profile. 
Furthermore, the influence of design parameters variations on the investigated performance 
parameters has been found to be similar using both FPC both ETC, for each of the auxiliary 
systems: absolute values of the performance parameters are obviosly different with the two 
types of solar collectors, but their variations connected to the ones of the design parameters 
are found to be assimilable.  
Annual results have been investigated to evaluate the influence of design parameters of the 
system on its global energetic performances, then as strictly necessary to perform the final 
economical analysis. These results are presented both for a fixed fst and variables fcoll and 
nseries, both for a fixed nseries and variables fcoll and fst; results for a fixed fcoll would be of 
scarce interest because, as seen, this is the most critical of the design parameters.  
Monthly results have been investigated to better evaluate the quality of the model previsions 
and to have a deeper insight on the system performances; they are not fundamental to the 
scope of the present work, but may highlight critical issues and suggests improvements to 
system’s model and layout for future studies. These results are presented for a fixed nseries 
and variable fst and fcoll. 
Results for shorter time intervals would be of scarce interest for the purpouse of this study. 
To conclude, in the following subchapters are shown and discussed results for G2 FPC and the 
relative variations of performance parameters using ETC instead of FPC, always in this case; 
results for G2 ETC are shown in appendix B. Only the annual values of fraction of energy 
savings are analyzed for each of the compression chillers groups’ auxiliary solar absorption 
systems, using both FPC both ETC. This beacause high values ncoll and COPab and low values 
of floss are certainly desiderable from an energetic point of view, but don’t have direct 
ripercussions on energy savings and cash inflows, as on the contrary fES; then, this parameter 
is the most suitable for a first esteem of the eventual economic convenience of one of the 
auxiliary solar absorption system among the others. 
4.2 Base case analysis 
4.2.1 G2 FPC annual results 
The first set of presented results is for fst fixed to 0.02 and variables fcoll and nseries. This  
value of fst has been found to be convenient to achieve high values of fES; furthermore, the 
graphs corresponding to this case have been found to be representative also for the other 
values of fst (obviously absolute values of the performance parameters differ in each case). 
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Effects of fcoll and nseries variations on ncoll, floss, COPab and fES are now extensively 
discussed. 
Collector efficiency decreases as fcoll increases and decreases as nseries increases. This 
behaviour can be explained considering that in both cases the annual average temperature of 
the storage tank is increased, then the heat losses from solar collector arrays increase and 
their efficiency decreases. Values of this parameter are from about 39% to 49%; its decreases 
associated both to fcoll both to nseries variations are about 5%, from the initial to the final 
values of the considered ranges. 
 
Figure 4.1 – Variations of collector efficiency  fixed fst to 0.02 and varying fcoll and nseries 
Storage losses factor generally increases as fcoll increases and increases as nseries increases. 
This behaviour can be explained considering that in both cases the annual average 
temperature of the storage tank is increased, then the temperature difference with the 
external ambient and the heat losses. Values of this parameter are from about 9% to 10%; its 
increases associated to fcoll and to nseries variations are about 0.5% and 0.2% respectively, 
from the initial to the final values of the considered ranges. An anomalous trend related to 
fcoll increase has been found for nseries = 2. 
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Figure 4.2 – Variations of storage losses factor fixed fst to 0.02 and varying fcoll and nseries 
Absorption chiller’s coefficient of performance increases as fcoll increases but has not a clear 
trend as nseries increases. Values of this parameter are from about 0.725 to 0.731; its 
increases associated to fcoll variations are about 0.05, from the initial to the final values of the 
considered range,  while its variations associated to nseries variations are negligible.  
 
Figure 4.3 – Variations of absorption chiller’s coefficient of performance fixed fst to 0.02 and varying fcoll and 
nseries 
Better analyzing these results, it can be noticed a scarce variability of COPab values varying 
the design parameters values; this may be ascribed to the limitations of the absorption chiller 
model and needs to be further investigated. Nevertheless, the predicted values of COPab are 
considered acceptable for a significant prevision of the auxiliary system energetic 
performances from a global point of view: with an inlet temperature of the cooling water to 
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the absorber of 31°C, in the inlet hot water temperature range from 75°C to 90°C, COPab is 
expected to be comprised in the range from about 0.70 to 0.75; the predicted values of COPab 
are different only of a maximum of about 5% from its nominal value of 0.7. 
Fraction of energy savings increases as fcoll increases and are almost independent from the 
parameter nseries. This behaviour can be explained considering that increasing the solar 
collector area also the collected energy and the annual average temperature of the storage 
tank are increased, then the absorption chiller working hours and consequently energy 
savings; increasing the number of collectors in series has no positive effects on the collected 
solar energy and it just slightly increase the tank average temperature in the hours of scarce 
insolation, furthermore with an excessive value of this parameter the solar loop control 
system limit the hot water circulation and the collected energy under favourable conditions. 
Values of this parameter are from about 16% to 30%; its increases associated to fcoll variations 
are about 15%, from the initial to the final values of the considered range, while its variations 
associated to nseries variations are generally negligible. It should be noted that the variation 
with fcoll of the absolute value of this parameter is huge compared to the previously analyzed 
performance parameters. 
 
Figure 4.4 – Variations of fraction of energy savings fixed fst to 0.02 and varying fcoll and nseries 
The second set of presented results is for nseries fixed to 3 and variables fcoll and fst. This 
choice is based on the fact that a further increment of the value of this design parameter does 
not correspond to a signficative improvement of fES and, as a counterpart, cause a decrement 
of ncoll and an increase of floss; the graphs corresponding to this case have been found to be 
representative also for the others values of nseries (obviously absolute values of the 
performance parameters differ in each case).  Effects of fcoll and fst variations on ncoll, floss, 
COPab and fES are now extensively discussed. 
Collector efficiency decreases as fcoll increases and increases as fst increases. This behaviour 
can be explained considering that in the first case the annual average temperature of the 
storage tank is increased, in the second case it is decreased (the connection between this 
temperature and collector efficiency has been previously discussed). Values of this parameter 
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are from about 39% to 49%; its decreases associated both to fcoll both to fst variations are 
about 5%, from the initial to the final values of the considered ranges. 
 
Figure 4.5 – Variations of collector efficiency  fixed nseries to 3 and varying fcoll and fst 
Storage losses factor is almost constant as fcoll increases and increases as fst increases. The 
former of these variations cause an increment of the average temperature level of the storage 
tank, but having considered a low value for the heat dispersion coefficent evidently makes the 
effect of this phenomen negligible on heat losses; the latter of these variations cause an high 
increment of the heat dispersing surface and the heat losses increase is significant.  Values of 
this parameter are from about 5% to 10 %; its increase associated fst variation is about 5%, 
from the initial to the final values of the considered range. 
 
Figure 4.6 – Variations of storage losses factor fixed nseries to 3 and varying fcoll and fst 
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Absorption chiller’s coefficient of performance increases as fcoll increases but has not a clear 
trend as fst increases; the only noticible effect of the fst increase is a stabilization of the trend 
of this parameter with the fcoll variations, that can be ascribed to an higher stability of chiller 
operation. Values of this parameter are from 0.725 to 0.731; its increases associated to fcoll 
variations are about 0.05, from the initial to the final values of the considered range. 
 
Figure 4.7 – Variations of absorption chiller’s coefficient of performance fixed nseries to 3 and varying fcoll and 
fst 
Fraction of energy savings increases as fcoll increases and increases as fst increases. This 
behaviour can be explained considering that increasing the solar collector area also the 
collected energy and the annual average temperature of the storage tank are increased; 
increasing the storage tank volume also the thermal capacity  of the system is increased, then 
the amount of energy that can be stored and the working hours of the solar collectors loop 
(with a small storage volume the upper temperature limit for the absorption chiller operation 
is reached more frequently). In conclusion, both of these variations are favourable to extend 
the absorption chiller working hours and chiller stability, then increasing the energy savings. 
Furthermore, in many cases fixed a fst there are no advantages in increasing fcoll over a 
certain limit, as fES reaches a plateau; this phenomenon is not noticed for the higher values 
of fst taken in account, then it is expected to depend from having a low ratio between storage 
tank volume and solar collector area. From a phisical point of view, it can be explained 
considering that for a fixed storge volume there exists a solar collector area for which the 
collected energy is sufficient to “sature” the thermal capacity of the storage, with the reaching 
of the upper temperature limit for absorption chiler operation also in the most unfavourable 
conditions. Values of this parameter are from about 12% to 32%; its increases associated to 
fcoll and fst variations are from about 5% to 15% for both the parameters, from the initial to 
the final values of the considered ranges. It should be noted that the variations with fcoll and 
fst of the absolute value of this parameter are huge compared to the previously analyzed 
performance parameters.  
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Figure 4.8 – Variations of fraction of energy savings fixed nseries to 3 and varying fcoll and fst 
4.2.2 G2 FPC and G2 ETC annual results comparison 
The following graphs show the variations of the annual values of performance parameters 
installing ETC instead of FPC; for each of the analyzed performace parameter is shown the 
difference in absolute value with the two tipologies of solar collectors, at the same value of 
fcoll in the two cases. Observations are mainly on the magnitude of these differences, while 
phisical explanations supplied are not as detailed as in the previous section (being similar). 
The first set of presented results is for fst fixed to 0.02 and variables fcoll and nseries.  
Collector efficiency difference installing ETC instead of FPC is positive in all cases; using ETC 
become more favourable both as fcoll increase both as nseries increase. This behaviour can 
be explained considering that both cases correspond to an increase of the storage tank annual 
average temperature. Values of ncoll difference are from about 10% to 12%; its increases 
associated both to fcoll both to nseries variations are about 2%, from the initial to the final 
values of the considered ranges. 
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Figure 4.9 – Variations of the difference in collector efficiency using ETC instead of FPC fixed fst to 0.02 and 
varying fcoll and nseries 
Storage losses factor difference installing ETC instead of FPC increases as fcoll increases, is 
negative for the lower values of fcoll and become positive over a certain value of this 
parameter; instead the trend associated to nseries variations is not clear. The strange values 
variations of floss with fcoll using ETC can be better understood analyzing the corrispondent 
values variations of fES, it can be noted that they are in countertendency; then, it can be 
concluded that with the lower values of fcoll the extra collected solar energy using ETC is 
better exploited than with the higher values of fcoll. Values of floss difference are from about 
-1% to 1%; its increase associated to fcoll variations is about 2%, from the initial to the final 
value of the considered range. 
 
Figure 4.10 – Variations of the difference in storage losses factor using ETC instead of FPC fixed fst to 0.02 and 
varying fcoll and nseries 
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Absorption chiller’s coefficient of performance difference installing ETC instead of FPC is 
positive in all cases; the trend associated both to fcoll both to nseries variations is not clear. 
Values of COPab difference are from about 0.0005 to 0.0025, therefore strongly negligible. 
 
Figure 4.11 – Variations of the difference in absorption chiller’s coefficient of performance using ETC instead of 
FPC fixed fst to 0.02 and varying fcoll and nseries 
Fraction of energy savings difference installing ETC instead of FPC is positive in all cases, for 
each value of nseries there is a value of fcoll which maximize this parameter; instead the trend 
associated to nseries variations is not clear. The strange trend of fES with fcoll variations has 
been explained previously (explaining the one of floss). Values of fES difference are from about 
2% to 6%. 
 
Figure 4.12 – Variations of the difference in fraction of energy savings using ETC instead of FPC fixed fst to 0.02 
and varying fcoll and nseries 
The second set of presented results is for nseries fixed to 3 and variables fcoll and fst.  
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Collector efficiency difference installing ETC instead of FPC is positive in all cases; in general 
this parameter variations are almost independent from fcoll variations, except for the lower 
values of fst, for which there is a value of fcoll which clearly maximize it; instead the trend 
associated to fst variations is not clear, it can just be noted that increasing fst the trend of 
ncoll stabilizes. Values of ncoll difference are from about 9.5% to 12.5%. 
 
Figure 4.13 – Variations of the difference in collector efficiency using ETC instead of FPC fixed nseries to 3 and 
varying fcoll and fst 
Storage losses factor difference installing ETC instead of FPC increases as fcoll increases and 
increases as fst decreases; except for the highest values of fst it is always positive. This 
behaviours can be explained considering that increasing the solar collector area also the 
annual average tank temperature increases, increasing the storage volume also the heat 
dispersing surface increases. Values of floss difference are from about -1% to 4%; its increases 
associated to fcoll variations are about 1%, its decreases associated to fst variations are about 
3%, from the initial to the final values of the considered ranges. 
 
Figure 4.14 – Variations of the difference in storage losses factor using ETC instead of FPC fixed nseries to 3 and 
varying fcoll and fst 
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Absorption chiller’s coefficient of performance difference installing ETC instead of FPC is 
positive in general; this parameter variations are almost independent from fcoll variations, 
while the trend associated to fst variations is not clear. Values of COPab difference are from 
about -0.003 to 0.004, therefore strongly negligible. 
 
Figure 4.15 – Variations of the difference in absorption chiller’s coefficient of performance using ETC instead of 
FPC fixed nseries to 3 and varying fcoll and fst 
Fraction of energy savings difference installing ETC instead of FPC is positive in general, it 
becomes negative only for high values of fcoll and low values of fst at the same time; it slightly 
decreases as fcoll increases and this effect is more relevant the greater is fst value; 
furthermore, it always increases as fst increases. Values of fES difference are from about -6% 
to 6%. 
 
Figure 4.16 – Variations of the difference in fraction of energy savings using ETC instead of FPC fixed nseries to 3 
and varying fcoll and fst 
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To conclude, it can be observed that installing ETC instead of FPC is in general convenient from 
an energetic point of view: collector efficiency and fraction of energy saving can be increased 
up to 12% and 6% respectively, without significant increases of heat losses from the storage 
tank. Increases also in absorption’s chiller coefficient of performance are observed but their 
magnitude is strongly negligible and in absolute value lower than the relative uncertanities of 
the model on its predicted value. 
4.2.3 G2 FPC monthly results 
Analyzing the annual results have been found that values of 3 and 0.02 for nseries and fst 
respectively are promising to achieve high values of fraction of energy savings, the most 
relevant of the investigated performance parameters. Then, monthly variations of 
performance parameters are analyzed with these fixed values of the design parameters; only 
the effects of fcoll variations have been extensively investigated, considered the primary 
importance of solar collector area on the system’s capital costs.  
Collector efficiency assumes maximum values of about 55% in summer months and minimum 
values of about 30% in winter months. This behavior can be explained considering the 
influence of the external air temperature on the heat losses from solar collectors; anyway, the 
observed high variability of ncoll can be explained only taking also in account the auxiliary 
solar absorption system characteristics and design choices. The auxiliary system has been 
sized close to the maximum cooling load, then also the solar collectors field result indirectly 
sized to supply sufficient energy under these conditions; however, the cooling load is 
significantly lower in winter months, then solar collectors field result oversized at this time of 
the year and the average temperature of storage tank is increased, as the solar collectors’ loop 
control strategy does not limit energy collection until in the storage tank the monitored upper 
temperature limit is reached. A side effect of these facts is that in winter months the working 
hours of the solar collectors’ loop are less than in summer months, but the working hours of 
the absorption chiller are the same or even more and it would be possible to have higher solar 
energy gains with larger storage thermal capacities. Monthly collector efficiency increases as 
fcoll decreases; this increase reach its maximum values of about 5% in summer months and 
its minimum values of about 0% in winter months: these aspects confirm the previous 
considerations, showing that in winter months even with the smallest values of fcoll the upper 
temperature limit in the storage is frequently reached limiting further the energy collection. 
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Figure 4.17 - Variations of collector efficiency fixed fst and nseries to 0.02 and 3 respectively and varying fcoll 
Storage losses factor assumes maximum values up to 70% in winter months and minimum of 
about 5% in summer months; the annual variation of this performance parameter is huge: 
from April to October the amount of collected solar energy wasted in heat losses is less than 
10%, in the other 5 months ranges from about 30% to 70%. The primary cause of these high 
values of floss in winter months can identified in the combined effects of having an oversized 
solar collector field and low cooling loads: as solar radiation is available, the storage tank 
upper temperature limit is reached fast, then its daily average temperature is high from the 
firsts of auxiliary system’s working hours; as the hourly required energy from the absorption 
chiller is lower, the daily average tank temperature during working hours is higher than in 
summer months, furthermore these are more in this period of the year. A secondary cause of 
the high values of floss in winter months is the lower external air temperature. Monthly 
storage losses factor don’t show significant variations as fcoll increases, only in the 3 most 
critical winter months is noticed a decrease of about 10% as fcoll increase; this behaviour may 
seem illogical, but it can be justified considering that the increase of fcoll leads to an extension 
of the absorption chiller operation, then the average storage tank temperature and heat 
losses are decreased; this fact can be proved analyzing the monthly fraction of energy savings: 
it increases as fcoll increases also in winter months. 
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Figure 4.18 - Variations of storage losses factor fixed fst and nseries to 0.02 and 3 respectively and varying fcoll 
Monthly results show better than annual the slight inaccuracy of the model to predict 
absorption chiller’s coefficient of performance: for most of the months, COPab assumes a 
fixed value of about 0.73 and its connection with the hot water inlet temperature to the 
absorption chiller is ignored; in months from July to September the model has a better 
capacity to predict the absorption chiller real operation. As the observed problem on the 
absorption chiller model disappear when the load is closer to absorption chiller’s nominal 
capacity, it can be ascribed essentially to having imposed to the chiller to supply the necessary 
hourly chilled water flowrate to match the load, without taking in account the lower limits of 
its cooling capacity. Monthly value of the absorption chiller’s coefficient performance 
increases of 0.02 as fcoll increases from July to September, showing that under these 
conditions the influence on COPab of the hot water inlet temperature to the absorption chiller 
is taken in account by the model. 
 
Figure 4.19 - Variations of absorption chiller’s coefficient of performance fixed fst and nseries to 0.02 and 3 
respectively and varying fcoll 
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Fraction of energy savings assumes maximum values of about 35% in summer months and 
minimum values of about 5% in winter months, even though the working hours of the 
absorption chiller are almost the same in both periods of the year. This result is explainable 
considering the strong correlation between the energy savings and the compression chillers 
group’s working conditions: these are exploited closer to their nominal capacity during 
summer months, then the energy savings result concentrated in this period of the year also 
on equalty of absorption chiller working hours. Furthermore, as the electrical load of 
compression chillers group and energy savings are strictly connected to the external 
temperature, to the high variability of fES between winter and summer months contribute 
also the differences on the daily external temperature variation: this has a greater amplitude 
during summer months, then the load of compression chillers group and energy savings are 
more concentrated during day than during night in this period of the year, when energy is 
available to the absorption chiller operation. Monthly fraction of energy savings increases as 
fcoll increases; this increase reach maximum values of about 15% in summer months and 
minimum values of about 3% in winter months. This high variability can be explained as 
another effect of the solar collector field oversizing for the winter months’ energy 
requirements: in this period of the year there are no advantages in having an high collector 
area, due to reaching of the upper temperature limit of hot water in the storage tank also with 
the lowest values of collector area. 
 
Figure 4.20 - Variations of fraction of energy savings fixed fst and nseries to 0.02 and 3 respectively and varying 
fcoll 
Analyzing monthly results, it has been observed a non optimal exploitation of the installed 
solar collectors area during winter months: in this period of the year the solar collectors field 
results oversized to supply the necessary energy input to the absorption chiller; even though 
the auxiliary system load don’t have in general interruptions (rarely during the year the 
external temperature is lower than the refrigerated ambient temperature, then the 
compression chillers group is off), the collected solar energy is sufficient to “sature” the 
thermal capacity of the storage tank, given the hot water upper temperature limit monitored 
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by the control system. To colclude, extra solar energy could be collectable during winter 
months with the installed solar collector field if there were extra hot water loads. 
Better analyzing the plant flow sheet, it can be noted that a boiler is installed in the industry 
to produce hot water for process uses; then, the extra solar energy collectable during winter 
months could be used instead of natural gas at this scope, moreover expecting to have a 
coupling between energy availability and needs. This solution would further increase the 
energetic and economic advantages of the auxiliary solar absorption system, transforming it 
in a “cogenerative” system for chilled and hot water at the same time. Anyway has not been 
possible to analyze a similar scenario in the present work, due to the lack of informations 
about the process hot water necessary and its annual distribution profile. 
Another solution to better exploit the installed solar collectors area could be to use a greater 
storage tank volume, only in winter months, to increase system’s thermal capacity and 
prevent to the control system to cut off the thermal energy collection; consequently this 
strategy could lead to an extension of the absorption chiller’s working hours. Anyway, also 3 
side effect are expected: an increase of the auxiliary system capital costs; no great advantages 
on energy savings, as these are strictly related to the working conditions of the compression 
chillers groups, more favorable in winter months; an increase of the storage tank heat 
dispersing surface, then also the of heat losses. 
4.2.4 G2 FPC and G2 ETC monthly results comparison 
The following graphs show the variations of the monthly values of performance parameters 
installing ETC instead of FPC; for each of the analyzed performace parameter is shown the 
difference in absolute value with the two tipologies of solar collectors, at the same value of 
fcoll in the two cases. Observations are mainly on the magnitude of these differences, while 
phisical explanations are not supplied. As previously only the effects of fcoll variations are 
investigated, nseries and fst are fixed to 3 and 0.02 respectively. 
Monthly collector efficiency difference installing ETC instead of FPC is positive in all cases; it 
increases as fcoll increases in summer months, it decreases as fcoll increases in winter months. 
Values of ncoll difference are from about 6% to 17%; its increase associated to fcoll increases 
in summer months is about 3%, its decrease associated to fcoll decreases in winter months is 
about 3%, from the initial to the final values of the considered range. 
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Figure 4.21 - Variations of the difference in collector efficiency using ETC instead of FPC fixed fst and nseries to 
0.02 and 3 respectively and varying fcoll 
Monthly storage losses factor difference installing ETC instead of FPC is in general positive in 
summer months and negative in winter months; it always increases as fcoll increases and this 
variation is wider in winter months than in summer months. Values of floss difference are 
from about -15% to 5%; its increases associated to fcoll variations are about 5% in winter 
months and 1% in summer months, from the initial to the final values of the considered range. 
 
Figure 4.22 - Variations of the difference in storage losses factor using ETC instead of FPC fixed fst and nseries to 
0.02 and 3 respectively and varying fcoll 
Monthly absorption chiller’s coefficient of performance difference installing ETC instead of 
FPC  is positive from July to September, in other months there are no differences; its trend 
associated to fcoll variations is not clear. Values of COPab difference are from about 0 in 
winter months to 0.008 in summer months, therefore strongly negligible. 
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Figure 4.23 - Variations of the difference in absorption chiller’s coefficient of performance using ETC instead of 
FPC fixed fst and nseries to 0.02 and 3 respectively and varying fcoll 
Monthly fraction of energy savings difference installing ETC instead of FPC is almost always 
positive, except in some cases dependent from fcoll value; its trend associated to fcoll 
variations is not clear, in January and December it increases as fcoll increases, in the other 
months it seems to decrease as fcoll increases except for the lowest of the considered fcoll 
values. Values of fES difference are from about -1% to 13%; its variations associated to fcoll 
increase are about 3%, from the initial to the final values of the considered range. 
 
Figure 4.24 - Variations of the difference in fraction of energy savings using ETC instead of FPC fixed fst and 
nseries to 0.02 and 3 respectively and varying fcoll 
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4.3  G2, G3, G2+G3 auxiliary system’s annual energy savings 
comparison 
To investigate if among the analyzed auxiliary solar absorption systems there is one solution 
evidently more profitable than the others, the annual value of the parameter fraction of 
energy savings is compared. In particular the comparison is between the auxiliary systems 
sized for the compression chillers groups G2, G3 and G2+G3, distinguishing between solutions 
using FPC and solutions using ETC. 
The following graphs show the variations of fraction of energy savings varying fcoll, fixed 
nseries and fst to 3 and 0.02 respectively. The auxiliary system sized for G2 compression 
chillers group is assumed as base case in the comparison of the different solutions analyzed. 
Fraction of energy savings using FPC is almost the same for the auxiliary systems sized for G2 
and G3 whichever is fcoll value, while for the auxiliary system sized for G2+G3 is slightly higher. 
Differences in absolute values are from about 1% to 3%, depending on fcoll value. These 
results don’t show any clear advantage in using one auxiliary solar absorption system rather 
the others. 
 
Figure 4.25 – Comparison of fraction of energy savings values for the analyzed compression chillers groups’ 
systems (using FPC in the auxiliary solar absorption system) 
Fraction of energy savings using ETC is lower for the auxiliary system sized for G2 respect to 
the systems sized for G3 and G2+G3 until fcoll value is less than about 2.5 and 3 respectively; 
otherwise, fraction of energy savings using ETC is always lower for the system sized for G3 
respect to the system sized for G2+G3. Differences in absolute values are from about are from 
about 2% to 3%. These results don’t show any clear advantage in using one auxiliary solar 
absorption system rather the others. 
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Figure 4.26 – Comparison of fraction of energy savings values for the analyzed compression chillers groups’ 
systems (using ETC in the auxiliary solar absorption system) 
It should be noted that the annual value of fraction of energy savings quantifies the annual 
energy saved using the auxiliary system respect to the maximum annual energy savings 
achievable if an hypotetical solar absorption system were working all year round (the 
theoretical energy savings); then this parameter mostly quantifies the working hours of the 
auxiliary system’s absorption chiller than the amount of energy saved. Fraction of energy 
savings has been very useful to analyze the influence of the design parameters on the auxiliary 
system energetic performances for a specific compression chillers group, but it is proved to 
be less useful to compare the auxiliary systems sized for different compression chillers groups. 
In fact, considering G2, G3 and G2+G3 the theoretical energy savings differ and having the 
same fraction of energy savings don’t imply to save the same amount of energy. 
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5 ECONOMIC AND ENVIROMENTAL ANALYSIS 
5.1 Economic analysis 
An economic analysis is strictly necessary both to find out which is the best design 
configuration of the auxiliary system for a defined compression chillers group, both to find out 
which is the most profitable solution among all the analyzed auxiliary solar absorption systems 
(considering the different compression chillers groups and solar collectors’ types). 
The costs which mainly influences the economic performance of the solar absorption system 
must be identified; they can be distinguished between capital costs, operation costs and 
maintenance costs. Capital costs have been evaluated; operation costs influence has been 
discussed, then it has been found to be negligible; maintenance costs have been assumed to 
be negligible (a choice diffuse among literature).  
Cash inflows installing the auxiliary solar absorption system result from energy savings 
connected to the operation of the compression chillers under more favorable conditions and 
the resultant COP increase; they can be evaluated using the simulations results. 
The best among the proposed auxiliary system’s solutions has been found using as criterion a 
payback period analysis. 
It should be noted that government incentives have not been taken in account in the present 
study: “Conto Termico 2.0”, a new funding plan in which also solar cooling systems are 
incentivized is active from 31 May 2016; anyway, it is not clear if an application of solar 
absorption systems like the one of the present study could be included. 
5.1.1 Capital costs 
Solar collectors and absorption chillers are expected to represent the two elements of the 
system accountable for the most part of its capital costs [10]. Absorption chillers cost can’t be 
limited, since units type and their number must be chosen to have a cooling capacity close to 
the maximum system load (as previously discussed); solar collectors cost can be limited 
reducing the installed collectors area, anyway this parameter highly influences the energy 
savings and consequently the cash inflows deriving from the auxiliary system installation. 
Storage tank cost is marginal compared to solar collectors and absorption chillers costs: it is 
related to the storage tank volume then to the design parameter fst, which also influences the 
energy savings. Then, on equalty of fcoll and nseries and variyng fst, both capital costs both 
incomes deriving from auxiliary system installation vary. To conclude, this parameter can 
influence the choice of installing one design configuration of the auxilyary solar absorption 
system instead of another, but its influence on the value of payback period is marginal. 
Capital costs attributable to other components of the auxiliary system (circulation pumps, 
heat exchangers, cooling towers and control system) have been assumed to be negligible. 
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Costs of solar collectors and of absorption chillers have been supplied from the manufacturers 
[8], [19], [20]; solar collectors cost has been related to their aperture area, as this parameter 
was varied in the parametric analisys. Storage tank cost has been related to its volume, using 
typical values found in literature [10], [24], [27]. It should be noted that the specific costs of 
the solar collectors taken in account in the present study are not very different from the 
average costs reported in IEA TASK 48 [3]: 380 €/m2 and 760 €/m2 for FPC and ETC respectively. 
Unitary costs (C) 
WFC-SC30 42500 € 
WFC-SC50 60400 € 
Cobralino AK 2.8V 885 € 
Vitosol 300-T SP3B 2665 € 
Specific costs (sC) 
Cobralino AK 2.8V 358.15 €/m2 
Vitosol 300-T SP3B 835.42 €/m2 
Storage tank 880 €/m3 
Table 5.1 – Capital costs of the main components of the auxiliary solar absorption systems 
The auxiliary solar absorption system’s capital costs (Csys) are calculated as: 
𝐶𝑠𝑦𝑠 = 𝐶𝑎𝑏𝑠 + 𝑠𝐶𝑐𝑜𝑙𝑙 ∙ 𝐴𝑐𝑜𝑙𝑙 + 𝑠𝐶𝑠𝑡 ∙ 𝑉𝑠𝑡 
The cost of solar collectors and storage tank is calculated by multiplying their size (Acoll, Vst) 
by their respective specific cost (sCcoll, sCst). 
It should be noted that, in case of installing one of the analyzed auxiliary systems, the real 
solar collector area will be slightly different from the values considered in the parametric and 
economic analysis; the real solar collector area will be the closest to the one resultant from 
the parametric analysis considering the unitary area of the chosen solar collectors and the 
need to match the optimal value of nseries. 
5.1.2 Operation costs 
Operation costs of the auxiliary solar absorption system are related to the energy 
consumption of its auxiliaries: the circulation pumps, the control system and the absorption 
chillers’ internal pump and cooling towers.  
General assumptions made in the previous sections, regarding both the compression chillers 
groups modeling both the auxiliary solar absorption system modeling, influence the accuracy 
of the operation costs’ predictability; the main issues related to this aspect are now discussed. 
Circulation pumps have not been modeled completely in TRNSYS enviroment, they have been 
used only to impose the necessary fixed flowrates in the various loops. Anyway, to have an 
esteem of their energy consumption, could be used a correlation between the imposed 
flowrate and the required electrical energy, as found in literature [13]. 
Control system’s energy consumption is not modeled in TRNSYS enviroment but can be 
considered negligible, as generally found in literature. 
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Absorption chiller internal circulation pump’s energy consumption can also be considered 
negligible, considered the very low electrical power of this component. 
The absorption chiller needs a wet cooling tower to maintain the generator temperature in 
the required range; this component of the auxiliary system works approximately in alternative 
to the compression chillers group’s cooling towers, as the auxiliary solar absorption system 
itself has been installed in substitution to it. It should be noted that the heat to be removed 
from the auxiliary solar absorption system (Qcond’) with the cooling tower is greater than the 
heat to be removed from the compression chiller system (Qcond) with the auxiliary system 
(or with their cooling towers),  from an heat balance on the two systems: 
{
𝑄𝑐𝑜𝑛𝑑 = 𝑄𝑒𝑣𝑎
𝑄𝑐𝑜𝑛𝑑′ = 𝑄𝑒𝑣𝑎 + 𝑄𝑔𝑒𝑛 + 𝑃𝑎𝑢𝑥
 
Where Qgen and Paux are the heat supplied to the absorption chiller’s generator and the 
absorption chiller’s auxiliary pump electrical consumption respectively. Furthermore, still 
considering the absorption chiller: 
𝑄𝑔𝑒𝑛 = 𝑄ℎ𝑜𝑡 =  
𝑄𝑒𝑣𝑎
𝐶𝑂𝑃𝑎𝑏
 
Assuming Paux to be negligible: 
𝑄𝑐𝑜𝑛𝑑′ ≈ 𝑄𝑐𝑜𝑛𝑑 +
𝑄𝑐𝑜𝑛𝑑
𝐶𝑂𝑃𝑎𝑏
≈ 𝑄𝑐𝑜𝑛𝑑 (1 +
1
0.7
) ≈ 2.4𝑄𝑐𝑜𝑛𝑑 
Then, observing that the size of the absorption chiller cooling tower is about 2.4 times greater 
than the size of the compression chillers cooling towers, the same will be valid for the 
respective electrical consumptions. As seen, these components operate approximately in 
complementary working hours, then the istallation of the auxiliary system reduce the energy 
consumption of compression chillers cooling towers but introduces the higher energy 
consumption of the absorption chiller cooling tower. Anyway, the available data are not 
sufficient to esteem the magnitude of this energy consumption increase: given the lack of 
informations on compression chillers cooling towers’ characteristics and operating conditions, 
the condensation temperature has been supposed fixed, a condition that surely is not verified 
in real operation but sufficient to the scopes of the present study; the absorption chiller 
cooling tower has not been modeled and also in this case a fixed condensation temperature 
has been supposed, losing the possibility to esteem its energy consumption. 
Rigorously also absorption chiller’s energy consumption during transitories, the time intervals 
during which no cooling capacity is produced but its auxiliaries operate, should be taken in 
account but this has not been possible due TRNSYS limitations. 
To conclude none of the auxiliaries electrical consumptions can be esteemed without errors; 
furthermore, the largest part of these derives from the cooling towers’ operation, that has not 
been modeled due to the lack of affordable data. Anyway, compared to the capital costs, the 
operational costs of solar absorption systems are generally low and negleting them will not 
affect significantly the results of the economic analysis. 
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5.1.3 Cash inflows from energy savings 
The total annual cash inflows deriving from the auxiliary solar absorption system installation 
(Ces) can be calculated by multiplying the total annual energy savings by the electrical energy 
price: 
𝐶𝑒𝑠 = 𝐸𝑆 ∙ 𝐶𝑒𝑙 
The electrical energy price has been obtained from the data supplied from AEEGSI and 
Eurostat [28], [29]. Compression chillers’ electrical consumption is expected to constitute the 
most part of the industry total electrical consumption; analyzing the supplied industry data, 
the total annual compression chillers’ electrical consumption is about 1212 MWh, then the 
industry is collocated in the consumption band from 500 to 2000 MWh.  
 
Figure 5.1 – Electrical energy price in c€/kWh for industrial consumers distinguishing them in annual 
consumption bands 
The most updated electrical energy price supplied from AEEGSI is relative to the end of 2014 
and is 20.17 c€/kWh, tax included; an electrical energy price of 21.03 c€/kWh have been 
estimated for 2016, considering an annual inflation on energy price of 3.5%, derived from 
Eurostat data (this value has been found analyzing the electrical energy price average increase 
in the 5 years from 2008 to 2012). 
5.1.4 Payback period 
A payback period analysis has been performed both to find out which is the best design 
configuration of the auxiliary system for a defined compression chillers group, both to find out 
which is the most profitable solution among all the analyzed auxiliary solar absorption 
systems. 
The payback period (PB) is the length of time required to recover the cost of an investment, 
in our case is defined as: 
𝑃𝐵 =
𝐶𝑠𝑐
𝐶𝑒𝑠
 
It is a simple method to compare different investments, but presents two main problems: it 
ignores any income that occur after the payback period, then does not measure the 
profitability of an investment; it ignores the time value of money (money in the future are 
worth less than the same amount in the present, both because of inflation both because of 
potential earnings deriving from eventual investments). 
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Furthermore, having assumed the annual cash inflows from energy savings to be constant 
during the payback period represents a source of inaccuracy on its estimate, the influence of 
this approximation will be the grater the more the payback period itself increases. The reasons 
are explained: firstly, energy savings depends from the auxiliary system operation, which 
could vary in the years with an eventual modification of the working conditions of 
compression chillers groups (due changes in industry production, as example); secondly, the 
electrical energy price will vary in the years (this fact has been neglected having ignored also 
the time value of money). 
Results show that the best choice for the installation of the auxiliary solar absorption system 
would be for the compression chillers group G2, for which the best design configuration leads 
to a payback period of 75.6 years; this result is achieved using FPC, instead the best design 
configuration using ETC leads to a payback period of 110.3 years. 
PB (years) 
Group FPC ETC 
G2 75.60 110.30 
G3 131.54 181.65 
G2+G3 84.57 122.61 
Table 5.2 – Comparison of the payback period value of the auxiliary solar absorption system’s best design 
configurations for the analyzed compression chillers groups’ systems (both using FPC both using ETC) 
In auxiliary systems using FPC the percentage weight on capital costs of absorption chillers, 
solar collectors and storage tank is respectively about 25%, 70%, 5%; in solar absorption 
systems using ETC the percentage weight on capital costs of absorption chillers, solar 
collectors and storage tank is respectively about 18%, 80%, 2%. These results show that even 
if using ETC the solar collector field optimal area is decreased, their higher specific cost makes 
not economically competitive this technology for the present application (the former is 
decreased about 0.7 times, the latter is increased about 2.3 times).  
The specific cost of the analyzed auxiliary solar absorption systems in their optimal design 
configurations and related to their nominal cooling capacity is about 1500 €/kWc and 2000 
€/kWc for systems using FPC and using ETC respectively; similar values of this parameter have 
been found for each auxiliary system independently from the compression chillers group, this 
fact can be explained considering the similar percentage weight on capital costs of solar 
collectors in all the cases. Comparing these specific costs with the ones of the best practice 
installations found in IEA Task 48 report [3], it result that the current system capital costs’ 
esteem is affordable; anyway it has been certainly underestimated: capital costs of pumps, of 
control system, of auxiliaries and of cooling towers as well as costs of planning, of assembly, 
of construction, of commissioning and of maintenance have not been taken in account. 
Considering the design parameters values, in each of the auxiliary system’s best design 
configurations nseries and fst are equal to 3 and 0.025 respectively (for each of the 
compression chillers group, both using FPC both using ETC); fcoll optimal value is about 3 using 
FPC and about 2 using ETC (for each of the compression chillers group). It should be noted 
that the determined optimal values of fcoll and nseries are within their analyzed variation 
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ranges; on the contrary, the optimal value of fst coincides with the maximum of its variation 
range.  
FPC 
Group G2 G3 G2+G3 
Costs and incomes 
Cabs (€) 120800 42500 181200 
Ccoll (€) 377136.8 113463.4 518563.1 
Cst (€) 23166 6969.6 31853.25 
Csc (€) 521102.8 162933 731616.3 
sCsys (€/kWc) 1482.09 1542.93 1387.21 
Cabs (%) 23.18 26.08 24.77 
Ccoll (%) 72.37 69.64 70.88 
Cst (%) 4.45 4.28 4.35 
ES (kWh) 32776.66 5889.82 41132.22 
Ces (€) 6893.33 1238.70 8650.60 
Design parameters 
fcoll (m2/kWc) 3 3 2.75 
nseries 3 3 3 
fst (m3/m2) 0.025 0.025 0.025 
Acoll (m2) 1053 316.8 1447.88 
Vst (m3) 26.33 7.92 36.20 
Table 5.3 – Overview of the main economic and design parameters of the auxiliary solar absorption systems’ 
best design configurations for the analyzed compression chillers groups’ systems (using FPC) 
ETC 
Group G2 G3 G2+G3 
Costs and incomes 
Cabs (€) 120800 42500 181200 
Ccoll (€) 586467.1 176441.4 769738 
Cst (€) 15444 4646.4 20270.25 
Csc (€) 722711.1 223587.8 971208.3 
sCsys (€/kWc) 2055.49 2117.31 1841.50 
Cabs (%) 16.71 19.01 18.66 
Ccoll (%) 81.15 78.91 79.26 
Cst (%) 2.14 2.08 2.09 
ES (kWh) 31154.05 5852.74 37662.70 
Ces (€) 6552.07 1230.90 7920.92 
Design parameters 
fcoll (m2/kWc) 2 2 1.75 
nseries 3 3 3 
fst (m3/m2) 0.025 0.025 0.025 
Acoll (m2) 702 211.2 921.38 
Vst (m3) 17.55 5.28 23.03 
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Table 5.4 – Overview of the main economic and design parameters of the auxiliary solar absorption systems’ 
best design configurations for the analyzed compression chillers groups’ systems (using ETC) 
Based on the previous observations, it has been chosen to extend the parametric analysis to 
other design configurations of the FPC auxiliary solar absorption system sized for the 
compression chillers group G2, which is the most promising solution from a payback period 
point of view. In particular, the objective is to find out if the real optimal design configuration 
has been excluded from the analysis limiting fst values in a too narrow range. In the new 
parametric analysis nseries has been fixed to the optimal value of 3, as previously fcoll has 
been varied in the range from 1.75 to 4 with 0.25 increments, while fst has been varied in the 
new range from 0.005 to 0.2 with 0.005 increments (40 different values of fst instead of only 
5 have been considered). 
Analyzing the results, a new optimal design configuration for the FPC auxiliary solar absorption 
system sized for the compression chillers group G2 has been found, but is not very different 
from the one previously determined. Considering its design parameters, the new optimal 
values of fcoll and fst are respectively 3 and 0.03, then the previous limit of 0.025 on fst not 
affected particularly the results of the economical optimization. 
G2 FPC 
Costs and incomes 
Cabs (€) 120800 
Ccoll (€) 377136.8 
Cst (€) 27799.2 
Csc (€) 525736 
sCsys (€/kWc) 1495.27 
Cabs (%) 22.98 
Ccoll (%) 71.74 
Cst (%) 5.29 
ES (kWh) 33281.35 
Ces (€) 6999.47 
PB (year) 
75.11 
Design parameters 
fcoll (m2/kWc) 3 
nseries 3 
fst (m3/m2) 0.03 
Acoll (m2) 1053 
Vst (m3) 31.59 
Table 5.5 - Overview of the main economic and design parameters of the auxiliary solar absorption system 
characterized by the minimum payback period 
The following graph show the variation of the payback period of the FPC auxiliary solar 
absorption system sized for compression chillers group G2 varying its configuration; increasing 
the x-axis value, fst increases from 0.005 to 0.2 while fcoll cyclically varies from 1.75 to 4 (this 
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explains the peak values observed in the general trend) and nseries is fixed to 3. It shows that 
the determined optimal solution is also unique. 
 
Figure 5.2 – Variation of the payback period of the auxiliary solar absorption system using FPC for compression 
chillers group G2 varying its design configuration (fixed nseries to its optimal value and varying fcoll and fst) 
Generally the lifespan of a solar absorption system is expected to be of about 20 years, as 
reported by [27]; however, it has been found that the best solution among the solar 
absorption systems analyzed in the present study has a payback period of 75.11 years. Then 
none of the analyzed auxiliary system is economically viable and others capital budgeting 
indexes (as net present value and internal rate of return) have not been taken in account. 
As seen, fixing nseries to 3 is the best choice both from an energetic both from an economical 
point of view; however, considering the solar collectors field layout, in a real installation it 
could be a problem: expected as optimal a solar collectors’ area of about 1000 m2, fixing 
nseries to 3 would involve to install about 330 solar collectors’ arrays in parallel. From a 
technical point of view, a parallel connection of the solar collectors reduces the pressure drops 
in each array but involves more difficulties to balance the flows circulating in the various arrays 
(the same pressure drop must be attained in each solar collectors’ array to have the same flow 
circulating in them). Otherwise, a series connection self-balances the flows circulating in the 
various arrays, but leads to higher pressure drops and lower efficiencies on the last collectors 
of the array, which work at higher temperatures. To conclude, the solar collectors field layout 
characteristics determine the required prevalence and the required total flowrate, then 
directly influence the choice of circulation pumps and system’s capital costs. 
A detailed analysis of the influence of the solar collectors field layout on system’s capital costs 
is beyond the scopes of the present study. Anyway, as nseries influences collector efficiency 
and so the energetic and economical performances of the entire auxiliary system, a new 
parametric analysis has been performed to investigate the influence of this design parameter 
on auxiliary system’s payback period. In this last parametric analysis, nseries has been varied 
in the range from 3 to 10, fixed fcoll and fst to their optimal values of 3 and 0.03 respectively. 
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It has been found that increasing nseries from 3 to 10 the payback period increases from 75.11 
years to 86.68 years, as expected the energetic and economical performances of the auxiliary 
system worsen considerably. 
 
Figure 5.3 – Variation of the payback period of the auxiliary solar absorption system using FPC for compression 
chillers group G2 fixed fcoll and fst to their respective optimal values and varying nseries 
5.2 Environmental analysis 
Profitability of investments on renewable energy technologies should not be evaluated only 
from an economical point of view, but also the connected environmental benefits should be 
taken in account. Furthermore, the interest of an industry on environmental issues could 
make his products more attractive for the consumers, especially talking of alimentary 
products. 
The environmental benefits of the identified auxiliary solar absorption system consist in the 
amount of CO2 production that is avoided (CO2av) saving electrical energy and can be 
quantified using the following equation: 
𝐶𝑂2𝑎𝑣 = 𝐸𝑆 ∙ 𝑒𝑚, 𝑓𝑎 
Where em,fa is  the  emission factor of the national electricity production, supplied from ISPRA 
[30] for the years from 1990 to 2014. It should be noted that the emission factor has been 
reduced in these 25 years of about one half and this trend is expected to be kept; climate 
change issues have led to stricter policies on CO2 emission, which have been reflected in a 
larger diffusion of renewable energy technologies and in a greater attention to the energy 
efficiency of standard energy production technologies. 
74
76
78
80
82
84
86
88
2 3 4 5 6 7 8 9 10 11
P
B
 (
ye
ar
s)
nserie
G2 FPC
5.2     Environmental analysis 
116 
 
 
Figure 5.4 – Variation from 1990 to 2014 of the emission factor of the national electrical production in Italy 
Thanks to a linear regression based on the ISPRA data, emission factor values are predicted 
for each year of the estimated lifespan of the solar absorption system, then from 2016 to 2036 
(this esteem is supposed to be significant as the time interval of the supplied data and of the 
values predicted is about the same). To conclude, it has been found that installing the best 
among the analyzed auxiliary solar absorption systems the emission of 196.81 ton of CO2 could 
be avoided
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6 CONCLUSIONS 
The identified best solution would be to install an auxiliary solar absorption system using FPC 
for the compression chillers group G2. Unfortunately, analyzing its payback period of 75.11 
years, it doesn’t result economically viable and neither leads to substantial environmental 
benefits, avoiding the emission of only 196.81 ton of CO2 during its 20 years’ hypothetical 
lifetime.  
The real total annual energy savings deriving from the auxiliary solar absorption system 
installation result much lower than the theoretical maximum achievable: considering the 
results of TRNSYS simulations, only the 31.35% of the total annual theoretical energy savings 
is actually achieved; the energy saved result only the 8.47% of the total annual compression 
chillers’ electrical consumption, on a maximum achievable of 27.01%. 
Optimized G2 FPC   
Electrical consumption (kWh) 393032 
Energy cost (€) 82654.63 
Theoretical energy savings (kWh) 106172 
Theoretical energy savings (%) (on EC) 27.01 
Theoretical cash inflows (€) 22327.97 
Energy savings (kWh) 33281.35 
Energy Savings (%) (on EC) 8.47 
Energy Savings (%) (on TES) 31.35 
Cash inflows (€) 6999.47 
Table 6.1 – Comparison of the energetic and economic performances of the auxiliary solar absorption system 
characterized by the minimum payback period with theoretical maximum achievable 
Considering the high value of the payback period compared to the solar absorption system 
expected lifetime, it is not believed possible to achieve substantial improvements of the 
energetic and economical performances of the auxiliary system by modifying only its layout. 
Anyway, analyzing monthly results, the best strategy to try to improve the economical 
performance of the auxiliary solar absorption system would be to slightly modify its 
application: to extend its utilization from using it only for cooling purposes to using it also to 
supply process hot water in winter months, a period of the year in which the determined 
optimal solar collector area results oversized to supply the necessary energy for the 
absorption chiller operation only and in which the request of process hot water is expected to 
be maximum.
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APPENDIX A PORK MEAT PROCESSING PHASES 
 
 
 
 
 
 
 
 
10 days, temperature 1.5 - 3.5 °C 
TRANSIT IN SALTING 
CELLS 
PACKAGING 
AND SHIPPING 
PROCESSING FRESH 
PRODUCT 
STATIC RESTING 
PRE-RESTING 
DRYING 
FINISHING AND 
WASHING 
“STUCCATURA” 
PRE-SEASONING 
SEASONING 
14 days, temperature 3 - 5 °C 
42 days, temperature 4 - 6 °C 
Ham rifinishing and surface cleaning using hot water at 50 - 60°C 
7 days, removal of washing water and gradual temperature decrease from 23°C 
to 16°C 
30 days, temperature 16 - 18 °C, relative humidity 60 - 70% 
Coverage of the lean part of the ham with suet 
180 days <, temperature 16 - 18 °C, relative humidity 56 - 60% 
The hams pass through the processing 
line for the following operations: 
- Brushing 
- Blow 
- Lanyard 
- Vertical arrangement on the frame 
It includes the following operations: 
- Trimming 
- “Spremivena” 
- Massaging 
- Presalting 
- Salting 
- Marking 
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APPENDIX B G2 ETC RESULTS 
B.1 G2 ETC annual results 
 
Figure B. 1 – Variations of collector efficiency  fixed fst to 0.02 and varying fcoll and nseries 
 
 
Figure B. 2 – Variations of storage losses factor fixed fst to 0.02 and varying fcoll and nseries 
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Figure B. 3 – Variations of absorption chiller’s coefficient of performance fixed fst to 0.02 and varying fcoll and 
nseries 
 
 
 
 
Figure B. 4 – Variations of fraction of energy savings fixed fst to 0.02 and varying fcoll and nseries 
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Figure B. 5 – Variations of collector efficiency  fixed nseries to 3 and varying fcoll and fst 
 
 
 
Figure B. 6 – Variations of storage losses factor fixed nseries to 3 and varying fcoll and fst 
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Figure B. 7 – Variations of absorption chiller’s coefficient of performance fixed nseries to 3 and varying fcoll and 
fst 
 
 
 
 
Figure B. 8 – Variations of fraction of energy savings fixed nseries to 3 and varying fcoll and fst 
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B.2 G2 ETC monthly results 
 
 
Figure B. 9 - Variations of collector efficiency fixed fst and nseries to 0.02 and 3 respectively and varying fcoll 
 
 
 
 
Figure B. 10 - Variations of storage losses factor fixed fst and nseries to 0.02 and 3 respectively and varying fcoll 
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Figure B. 11 - Variations of absorption chiller’s coefficient of performance fixed fst and nseries to 0.02 and 3 
respectively and varying fcoll 
 
 
 
 
 
Figure B. 12 - Variations of fraction of energy savings fixed fst and nseries to 0.02 and 3 respectively and varying 
fcoll
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